REAL-TIME MONITORING OF PROBE-TISSUE PRESSURE EFFECTS ON IN VIVO SKIN OPTICAL SPECTROSCOPY USING A PRESSURE SENSITIVE FIBEROPTIC PROBE by ARNOLD JULIAN VINOJ BENJAMIN
 REAL-TIME MONITORING OF PROBE-TISSUE 
PRESSURE EFFECTS ON IN VIVO SKIN OPTICAL 



































































































































































 REAL-TIME MONITORING OF PROBE-TISSUE 
PRESSURE EFFECTS ON IN VIVO SKIN OPTICAL 





ARNOLD JULIAN VINOJ BENJAMIN 
 
 
A THESIS SUBMITTED 
FOR THE DEGREE OF MASTER OF ENGINEERING 
DEPARTMENT OF BIOMEDICAL ENGINEERING 




I hereby declare that the thesis is my original work and it has been written by me in its 
entirety. I have accordingly acknowledged all the sources of information, which have 
been used in the thesis. 
 






Arnold Julian Vinoj Benjamin 












The research work presented in this thesis was conducted in the Optical 
Bioimaging Laboratory in the department of Biomedical Engineering, National 
University of Singapore (NUS) from August 2012 to April 2014. It would not have 
possible to submit my thesis had it not been for the support and guidance of many people 
during the course of my Master’s degree. 
First and foremost, I would like to show my sincere gratitude to my supervisor, 
Professor Huang Zhiwei for giving me the opportunity to work in his prestigious 
laboratory which is at the forefront of biomedical cancer research. I would like to thank 
him for his great support, expert guidance and immense patience throughout my study. I 
strongly believe that Dr. Huang’s insight and the high standard of research would surely 
be a tremendous advantage for my future research career.    
I would also like to acknowledge my colleagues and lab members in the Optical 
Bioimaging Laboratory: Dr. Zheng Wei, Dr. Lin Jian, Dr. Shiyamala Duraipandian, Dr. 
Lin Kan, Mads Sylvest Bergholt, Wang Zi and Wang Jianfeng for their valuable 
suggestions and feedback about my research work.  
I would like to thank the funding agencies: Ministry of Education (Singapore), 
National Medical Research Council and Biomedical Research Council for their financial 
support to carry out my experiments. 
Last but not the least; I would like to thank my parents, family members, relatives 




Table of Contents 
ACKNOWLEDGEMENTS ........................................................................................................ I 
TABLE OF CONTENTS ........................................................................................................ II 
ABSTRACT ......................................................................................................................... VI 
LIST OF FIGURES .............................................................................................................. IX 
LIST OF TABLES .............................................................................................................. XII 
LIST OF ABBREVIATIONS ............................................................................................... XIII 
 
CHAPTER 1. INTRODUCTION 
1.1 MOTIVATION ................................................................................................................. 1 
1.2 SPECIFIC AIMS AND ORGANIZATION ............................................................................. 3 
 
CHAPTER 2. BACKGROUND 
2.1 SKIN OPTICS (HUMAN SKIN) ......................................................................................... 5 
2.1.1 Anatomy of human skin ..................................................................................... 5 
2.1.2 Components of human skin ............................................................................... 6 
2.1.2.1 Blood vessels ............................................................................................... 6 
2.1.2.2 Sebaceous glands ........................................................................................ 7 
2.1.2.3 Sweat glands ............................................................................................... 7 
2.1.2.4 Hair follicle ................................................................................................. 7 
2.1.2.5 Collagen ...................................................................................................... 7 
2.1.2.6 Elastin ......................................................................................................... 7 
2.1.2.7 Keratin ........................................................................................................ 7 
2.1.2.8 Color ........................................................................................................... 8 
2.1.3 Optical properties of skin ................................................................................... 8 
2.1.3.1 Absorbers in skin......................................................................................... 8 
2.1.3.2 Scatterrers in skin ....................................................................................... 8 
2.2 SIGNIFICANCE OF SKIN TISSUE OPTICAL SPECTROSCOPY ........................................... 9 





2.4 REVIEW OF CONVENTIONAL SKIN TISSUE OPTICAL SPECTROSCOPY TECHNIQUES .... 11 
2.4.1 Diffuse Reflectance spectroscopy .....................................................................11 
2.4.2 Fluorescence spectroscopy ............................................................................... 12 
2.4.3 Raman spectroscopy ........................................................................................ 14 
2.4.4 Basic instrumentation of fiber-based optical spectroscopy system ................. 16 
2.4.5 Illumination unit ............................................................................................... 16 
2.4.6 Detection unit ................................................................................................... 17 
2.4.7 Fiber-optic probes ............................................................................................ 18 
2.5 NEED FOR PRESSURE SENSITIVE PROBE IN OPTICAL SPECTROSCOPY ....................... 18 
2.6 CONFOUNDING EFFECT OF PROBE PRESSURE............................................................. 19 
2.7 CONVENTIONAL PRESSURE SENSORS ......................................................................... 22 
2.7.1 Types of pressure sensors ................................................................................. 22 
2.7.1.1 Piezo-resistive strain gauge ...................................................................... 22 
2.7.1.2 Capacitive ................................................................................................. 23 
2.7.1.3 Electromagnetic ........................................................................................ 23 
2.7.1.4 Piezoelectric .............................................................................................. 23 
2.7.1.5 Optical....................................................................................................... 23 
2.7.1.6 Potentiometric ........................................................................................... 24 
2.7.2 Thin film pressure sensors ............................................................................... 24 
2.8 DATA PRE-PROCESSING ............................................................................................... 25 
2.9 MULTIVARIATE STATISTICAL ANALYSIS ...................................................................... 26 
2.9.1 Classification algorithms.................................................................................. 27 
 
CHAPTER 3. DEVELOPMENT OF A PRESSURE SENSITIVE FIBER-OPTIC 
PROBE FOR REAL-TIME, QUANTITATIVE MONITORING OF PROBE-
TISSUE CONTACT PRESSURE ON IN VIVO AUTOFLUORESCENCE 
SPECTROSCOPY 
3.1 PROBE-TISSUE CONTACT PRESSURE EFFECTS ON IN VIVO UV/VISIBLE 
AUTOFLUORESCENCE SPECTROSCOPY ............................................................................. 29 
3.1.1 Introduction ...................................................................................................... 30 
3.1.2 Materials and methods ..................................................................................... 32 
IV 
 
3.1.2.1 Pressure sensitive UV/visible AF spectroscopic platform ........................ 32 
3.1.2.2 Calibration of the fiber-optic pressure sensor .......................................... 35 
3.1.2.3 In vivo pressure sensitive skin AF measurements ..................................... 37 
3.1.2.4 Multivariate statistical analysis ................................................................ 38 
3.1.3 Results .............................................................................................................. 39 
3.1.4 Discussion ........................................................................................................ 47 
3.1.5 Conclusion ....................................................................................................... 52 
3.2 PROBE- TISSUE CONTACT PRESSURE EFFECTS ON IN VIVO NEAR INFRARED 
AUTOFLUORESCENCE SPECTROSCOPY ............................................................................. 52 
3.2.1 Introduction ...................................................................................................... 53 
3.2.2 Materials and Methods ..................................................................................... 55 
3.2.2.1 Pressure sensitive NIR AF spectroscopy platform ................................... 55 
3.2.2.2 Subjects ..................................................................................................... 56 
3.2.2.3 Data processing and multivariate statistical analysis .............................. 56 
3.2.3 Results .............................................................................................................. 57 
3.2.4 Discussion ........................................................................................................ 65 
3.2.5 Conclusion ....................................................................................................... 68 
 
CHAPTER 4. REAL-TIME MONITORING OF PROBE-TISSUE CONTACT 
PRESSURE EFFECTS ON IN VIVO RAMAN SPECTROSCOPY 
4.1.1 Introduction ...................................................................................................... 70 
4.1.2 Materials and Methods ..................................................................................... 71 
4.1.2.1 Pressure sensitive Raman spectroscopy platform .................................... 71 
4.1.2.2 Volunteer profile ....................................................................................... 72 
4.1.2.3 Multiclass diagnostics ............................................................................... 72 
4.1.3 Results .............................................................................................................. 73 
4.1.4 Discussion ........................................................................................................ 81 






CHAPTER 5. REAL-TIME, QUANTITATIVE EVALUATION OF DYNAMIC 
PROBE-TISSUE CONTACT PRESSURE EFFECTS ON IN VIVO SKIN DIFFUSE 
REFLECTANCE SPECTROSCOPY 
5.1.1 Introduction ...................................................................................................... 88 
5.1.2 Material and Methods ...................................................................................... 90 
5.1.2.1 Pressure sensitive DR spectroscopy platform........................................... 90 
5.1.2.2 Multivariate statistical analysis ................................................................ 91 
5.1.3 Results .............................................................................................................. 91 
5.1.4 Discussion ...................................................................................................... 100 
5.1.5 Conclusion ..................................................................................................... 103 
 
CHAPTER 6. SUMMARY AND FUTURE DIRECTIONS 
6.1 SUMMARY ................................................................................................................. 105 
6.2 FUTURE DIRECTIONS ................................................................................................ 106 
 















Optical Spectroscopic techniques like Diffuse Reflectance (DR), autofluorescence 
(AF) and Raman Spectroscopy have been utilized for the diagnosis of various diseases 
and disorders. Cancer, diabetes, Alzheimer’s disease, asthma and brain disorders are 
some of the diseases which can be diagnosed by fiber-based optical spectroscopic 
techniques. These spectroscopic techniques are highly sensitive to subtle changes in 
tissue biochemical composition and this forms the basis for disease diagnosis. However, a 
number of challenges have to be addressed in order to further improve the clinical utility 
and diagnostic efficacy of optical spectroscopy.  
The confounding effect of the exerted probe-tissue contact pressure is one of the 
potential factors that might have a significant influence on the acquired spectral data. Till 
date, the existing studies on probe pressure have been limited to analyzing the static 
changes in probe pressure using pre-calibrated spring loaded devices or arbitrary 
operator-dependent pressure measurements. The real-time dynamic changes in exerted 
probe pressure have not been analyzed adequately. Therefore, it is necessary to 
comprehensively characterize the dynamic probe pressure induced effects on in vivo 
optical spectroscopy. The major objective of this dissertation is to develop a miniaturized, 
pressure sensitive fiber-optic probe for real-time, quantitative monitoring of the dynamic 
effects of probe-tissue contact pressure and to utilize the developed pressure sensitive 
probe to evaluate the pressure-induced distortions on in vivo skin optical spectroscopy 
(i.e. DR, AF and Raman).    
Firstly, the pressure sensitive probe was developed by coupling a piezo-resistive 
thin-film pressure sensor (high sensitivity of 20.6 mV/kPa and short response time of < 
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5µs) to the probe tip. The in-house developed pressure sensor coupled probe was then 
utilized to acquire in vivo AF spectra (λex=405nm) from two sites on the skin tissue 
(finger and volar forearm) at three different reference pressure levels (low pressure (LP) 
~10 kPa, moderate pressure (MP) ~50 kPa and high pressure (HP) ~130 kPa). The 
acquired spectra were then analyzed using powerful chemometric methods which showed 
that the exerted probe-tissue contact pressure had a significant site-specific effect on the 
AF signal. Partial least squares-discriminant analysis (PLS-DA) models were developed 
to classify the spectra according to the exerted probe pressure and they showed that there 
is a distinct differentiation between spectra acquired at LP vs. MP+HP; thereby 
demonstrating the influence of pressure induced distortions on AF spectra.   
Encouraged by these results, we utilized the developed pressure-sensitive 
spectroscopic platform to evaluate the probe pressure induced distortions on in vivo skin 
tissue NIR AF spectroscopy. Three skin sites (finger, palm and forearm) were chosen for 
measurement and spectra were acquired at the aforementioned reference pressure levels 
(L.P, M.P and H.P). PLS-DA analysis of the NIR AF spectra showed that higher pressures 
(i.e., MP and HP) affect the NIR AF spectral profiles to a certain extent; indicating that 
there is a great necessity to monitor the applied probe pressure in real-time. 
Till date, the probe pressure induced effects on in vivo Raman Spectroscopy have 
not been studied in detail. Therefore, the developed pressure sensitive spectroscopic 
platform was used to investigate the probe pressure induced spectral variations on in vivo 
Raman Spectroscopy. Finger, palm and volar forearm were chosen as measurement sites 
on the skin to characterize the Raman spectral distortions that arise due to the exerted 
probe pressure. Subtle changes in the Raman spectra were introduced if MP (50 kPa) or 
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HP (130 kPa) were applied on the target tissue. The results show that the probe pressure 
variations affect the Raman spectral profiles and causes subtle spectral changes; 
demonstrating the inevitability of real-time monitoring of probe-tissue contact pressure 
during Raman spectroscopic procedures.  
Finally, the developed pressure sensitive optical spectroscopy platform was tested 
on in vivo skin tissue DR spectroscopy for the real-time quantitative assessment of probe-
tissue contact pressure effects on DR. Major chromophores that contributed to the probe 
pressure induced spectral distortions were identified from the spectral data. Further 
analysis of the spectra using PLS-DA showed the enormous influence of probe pressure 
on DR spectra and validate the need for real-time quantitative monitoring of probe-tissue 
contact pressure during spectroscopic measurements. 
This work demonstrates for the first time the successful development and 
utilization of a pressure sensitive fiber-optic probe for real-time quantitative monitoring 
of probe-tissue contact pressure on in vivo optical spectroscopy. The developed pressure 
sensitive fiber-optic probe has the potential to mitigate the probe pressure induced tissue 
spectral alterations in real-time by providing instantaneous feedback of probe-tissue 
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Chapter 1. Introduction 
1.1 Motivation  
Optical Spectroscopy techniques have been effective in characterizing the 
properties of physical objects by measuring how an object interacts with light. These 
methods have been used for a long time to identify and test the composition and purity of 
various materials by efficiently tracking the changes in the chemical composition and 
providing valuable information about the quality of materials. Characteristic spectral 
response of substances can be utilized to identify their presence in the material. These 
techniques have been extensively employed in recent years to characterize the 
biochemical composition of various tissues in the human body and rely on light-tissue 
interactions to identify the various biochemicals present in the body.  
Some of the most common fiber-based optical spectroscopic techniques that have 
been comprehensively investigated for the diagnosis of diseases and disorders in various 
organs are diffuse reflectance, fluorescence and Raman spectroscopy.1-8 Diagnostic 
information for diseases like cancer9-11, diabetes12, 13, asthma14, 15, Alzheimer’s disease16-18 
and brain disorders19-21 can be extracted by the use of the aforementioned fiber-based 
optical spectroscopic techniques. Clinical trials for disease diagnosis have been carried 
out extensively especially for the diagnosis of cancer.22-28 Efforts that have been taken to 
further improve the diagnostic efficacy of these spectroscopic techniques has posed a 
number of challenges.  
One of the potential challenges that needs to be addressed lies in understanding 
the operator-dependent spectral distortions introduced by probe-tissue contact pressure in 
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order to enhance the diagnostic capability of optical spectroscopy. Existing studies on 
probe pressure induced spectral variations have shown that the exerted probe pressure is a 
confounding variable and therefore, it is important to characterize the probe pressure 
effects definitively to mitigate its effects on the acquired spectral data. Probe-tissue 
contact pressure is an important parameter in conventional spectroscopic instruments 
because a fiber-optic probe is required to be in contact with the tissue site during spectral 
data acquisition. The probe is placed against the target tissue during laser radiation, and 
remains unchanged during in vivo spectroscopy measurements. This ensures probe-tissue 
contact, avoids inconsistent illumination-detection geometry, reduces refractive index 
mismatch, and increases light penetration to enhance the diagnostic capability of 
spectroscopy instruments.29 However, the high probe contact pressure generally produces 
the following effects on tissue under compression: decreased thickness, reduced blood 
volume and oxygen saturation, vasodilation, microcirculation impairment, densely 
packed scatterers and occlusion under the probe tip,30 altering the optical properties of 
underlying tissue.31, 32 Moreover, the applied probe pressure is especially hard to control 
in case of clinical scenario such as in vivo diagnosis in internal organs (e.g., endoscopy) 
due to difficulty in accessibility. Thereby, the utilization of hand-held fiber-optic probe in 
tissue optical spectroscopy may introduce operator-induced variations in the magnitude 
of pressure exerted onto the tissue.31, 33 This leads to potential concerns such as changes 
in tissue spectral profiles, disparities in data collection and calibration34 and potential 
inaccuracies in diagnosis.  Although it has been reported that the applied probe pressure 
might induce changes in the optical properties of tissues29, 33, 35, 36, the conventional 
spectroscopic techniques do not monitor the applied probe pressure in real-time during 
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spectral data acquisition. This is based on the assumption that the applied probe pressure 
induces negligible variations in the spectral profiles which is extremely contentious based 
on existing literature.29, 30, 32, 37 Studies that have previously investigated the effect of 
exerted probe pressure have been limited to static pressure measurements utilizing a pre-
calibrated spring loaded device, or making use of the extent of tissue compression (in 
mm) as a criterion for applying a particular pressure or operator-dependent arbitrary 
probe pressures. The dynamic changes in applied probe pressure that occur due to 
differences in deformability of various measurement sites on skin tissue, inter-subject 
variations in the extent of tissue compression and orientation of the probe are important 
sources of variation in the exerted probe pressure that have not been analyzed 
sufficiently. Hence, in this study, we highlight the significance of real-time, quantitative 
monitoring of dynamic changes in the applied probe pressure that can serve the purpose 
of minimizing the pressure induced distortions introduced in the spectral profiles by 
providing instantaneous, quantitative probe pressure feedback to operators in real-time. 
Moreover, the integration of the instant probe pressure feedback with the developed on-
line real-time spectroscopic diagnostic framework38 serves to further improve the 
diagnostic accuracy by mitigating the probe pressure induced spectral distortions in the 
acquired spectral data. 
1.2 Specific aims and organization  
The major objective of this dissertation is to develop a miniaturized, pressure 
sensitive fiber-optic probe for real-time, quantitative monitoring of the dynamic effects of 
probe-tissue contact pressure and to utilize the developed pressure sensitive probe to 
evaluate the pressure-induced distortions on in vivo skin optical spectroscopy  (i.e. DR, 
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AF and Raman). The motivation of this study along with its specific objectives is 
presented in chapter 1. Chapter 2 focuses on the background information that is necessary 
to understand and solve the research challenge. The various aims of this study are as 
follows: 
1. To develop a pressure sensitive fiber-optic robe for real-time quantitative 
monitoring of probe-tissue contact pressure and to integrate the instantaneous 
probe pressure feedback with the developed real-time online spectroscopic 
diagnostic framework (chapter 3).    
2. To utilize the developed pressure sensitive probe to evaluate the probe pressure 
induced distortions on in vivo skin AF (both UV/visible and NIR) spectroscopy 
(chapter 3). 
3. To study in detail the consequences of probe pressure induced distortions on in 
vivo skin tissue Raman spectroscopy (chapter 4). 
4. To analyze the implications of probe-tissue contact pressure on in vivo skin 
diffuse reflectance spectroscopy using the developed pressure sensitive 
spectroscopic platform (chapter 5).   
The final chapter (chapter 6) summarizes the entire work in this thesis and provides 
information about future improvements that can be made to the developed pressure 







Chapter 2. Background 
2.1 Skin Optics (human skin) 
 Skin optics, i.e. the manner in which skin reflects and transmits light of different 
colors, or wavelengths, is determined by the inherent optical properties of the skin layers. 
Each of these layers has different inherent optical properties, primarily due to differences 
in the concentration of endogenous components of the human skin.  
 
2.1.1 Anatomy of human skin  
The skin is the largest organ of the body, with a total area of about 1.8 square 
metres (20 square feet) and covers eighteen square feet in an average adult. It protects the 
body from microbes, helps regulate body temperature and permits the sensations of 
touch, heat and cold. The skin is composed of three layers, i.e., epidermis, dermis and 
hypodermis as shown in Figure 2.1 
 




The outermost (top) layer of the skin is called epidermis. The epidermis is a 
0.027-0.15mm thick structure39-41 composed of four layers (stratum basale, stratum 
spinosum, stratum granulosum and stratum lucidum). It acts as a waterproof barrier, 
strengthens the skin and protects it from the outside environment. The cells in the skin are 
capable of synthesizing keratin which is responsible for the waterproof nature of the skin. 
The epidermis also contains melanin, a dark pigment that gives color to the skin and 
controls the skin tone of an individual. The epidermis provides immunity to the body by 
preventing foreign invaders like germs or bacteria from entering the body.     
The dermis is the middle layer of the skin. The dermis is a 0.6-3mm thick 
structure39-41  which can be divided into two layers: the papillary dermis and the reticular 
dermis. It contains tough connective tissue, hair follicles and sweat glands. Blood vessels 
are located in the dermis and provide the skin with nutrients and also helps in removal of 
waste products. The dermis also contains sensory receptors which helps the body to feel 
the various sensations like pressure, pain and temperature. 
The very bottom layer of the skin is the hypodermis. The hypodermis is a 
subcutaneous adipose tissue characterized by a negligible absorption of light in the 
visible region of the spectrum42. Its size varies considerably throughout the body, i.e. it 
can be up to 3cm thick in the abdomen and absent in the eye lids. It contains fat cells, or 
adipose tissue, that insulate the body and help it conserve heat. 
2.1.2 Components of human skin 
2.1.2.1 Blood vessels 
 The blood vessels make up an integral part of the skin. They help in the transport 
of oxygenated blood throughout the body and provide the required nutrients to the skin 
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cells. The blood vessels also help in the removal of waste from the body. 
2.1.2.2   Sebaceous glands 
 The sebaceous glands secrete sebum, an oily substance that helps keep skin from 
drying out. Most of the glands are located in the base of hair follicles. Acne starts when 
the tiny hair follicles become plugged with these oily secretions. 
2.1.2.3 Sweat glands 
  When the body gets hot or is under stress, these glands produce sweat, which 
evaporates to cool you. Sweat glands are located all over the body but are especially 
abundant in your palms, soles, forehead, and underarms. 
2.1.2.4 Hair follicle 
Every hair on the body grows from a live follicle with roots in the fatty layer of 
the dermis called subcutaneous tissue. 
2.1.2.5 Collagen 
 Collagen is the most abundant protein in the skin, making up 75% of the skin. 
Over time, environmental factors and ageing diminish the body's ability to produce 
collagen. 
2.1.2.6 Elastin 
 This protein is found with collagen in the dermis and is responsible for giving 
structure to the skin and organs. Diminished levels of this protein cause the skin to 
wrinkle and sag. 
2.1.2.7 Keratin 
 Keratin is the strongest protein in the skin. It is also dominant in the hair and 




 The color of the skin is created by special cells called melanocytes, which 
produce the pigment melanin. Melanocytes are located in the epidermis. 
2.1.3 Optical properties of skin 
The optical properties of the skin are governed by two important phenomenon, i.e. 
absorption and scattering. Absorption and scattering are caused by the various absorbers 
and scatterrers in the skin. The extent of absorption and scattering varies for different skin 
tissue types due to the differences in concentration of melanin, blood and keratin between 
them. 
2.1.3.1 Absorbers in skin 
 When a photon is absorbed, its energy is invested in the chromophore molecule, 
and the photon ceases to exist.43 Absorption in skin occurs primarily due to the presence 
of absorbers like blood, melanin and keratin. The absorption of light is dependent on the 
wavelength of incident light and each chromophore has characteristic absorption peaks at 
which absorption is maximum. The absorption coefficient (µa) is used to determine how 
far light can penetrate into the tissue before it is absorbed. The absorption coefficient 
depends on the concentrations of the absorbers in the skin and therefore, it varies for 
different skin tissue types (palm, nails, forearm, etc.) and also for different skin color 
profiles (asian, Caucasian, African, etc.) due to difference in skin melanin concentration. 
2.1.3.2 Scatterrers in skin 
 Most scattering is an elastic interaction between optical radiation and matter in 
which only the direction of photon propagation is altered. Some types of scattering are 
inelastic and result in a change of wavelength as well (fluorescence, phosphorescence and 
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Raman scattering).43 If the change in direction of the incident photon is less than 90º, it is 
called forward scattering. If the change in direction is greater than 90º, it is called 
backscattering or reflectance. The scattering particles in the skin consist of either lipids or 
proteins embedded in the fluids in and between skin cells. These fluids mainly consist of 
water. The primary protein scatterers in skin are keratins and melanins in the epidermis, 
and collagen and elastin fibers in the dermis.44 The scattering coefficient (µs) is a measure 
of the attenuation due to scattering of light as it traverses a medium containing scattering 
particles. It is used to describe the interaction of light with a turbid medium like human 
skin.   
Each layer of the skin has different inherent optical properties, primarily due to 
differences in the concentration of melanin, blood, and keratin between them. The 
inherent optical properties of a particular layer can be represented by a set of non-
dimensional numbers44: 1) the optical depth, i.e. the integrated attenuation coefficient of a 
beam going perpendicularly through a particular layer; 2) the single scattering albedo, i.e. 
the probability that an attenuation event is a scattering event and 3) the normalized 
volume scattering function, i.e. the probability of scattering in a particular direction. 
2.2 Significance of skin tissue Optical Spectroscopy 
The various optical properties of different skin tissue types can be estimated and 
calculated by the use of optical spectroscopy techniques. These techniques are used to 
study the optical properties of skin tissue by measuring its interaction with light. Optical 
Spectroscopy has emerged as an important technique in modern scientific fields like 
chemistry, astronomy and biomedicine. It has been used in the diagnosis of various 
diseases.12, 14, 18, 45-52 Diagnostic techniques based on optical spectroscopy have the 
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potential to link the biochemical and morphological properties of tissues to individual 
patient care. In particular, these techniques are fast, noninvasive and quantitative. 
Furthermore, they can be used to elucidate key tissue features, such as the cellular 
metabolic rate, vascularity, intravascular oxygenation and alterations in tissue 
morphology53. These tissue features can be interpreted to shed light on a variety of 
clinical problems and provide valuable information in screening and diagnosis of 
diseases. 
2.3  Optical Spectroscopy - Introduction 
Optical Spectroscopy is a useful technique to study the properties of physical 
objects by measuring its interaction with light. The objects may absorb, reflect or emit 
light and this information can be used to analyze the properties of physical objects. 
Various attributes such as chemical composition, temperature, and velocity can be 
measured by optical spectroscopy. It may involve visible, ultraviolet, or infrared light, 
alone or in combination during measurements and is a part of a larger group of 
spectroscopic techniques called electromagnetic spectroscopy. There are three aspects to 
a spectroscopic measurement: irradiation of a sample with electromagnetic radiation; 
measurement of the absorption, spontaneous emission (fluorescence, phosphorescence) 
and/or scattering (Rayleigh elastic scattering, Raman inelastic scattering) from the 
sample; and analysis and interpretation of these measurements.53 Detailed study of 
absorption, spontaneous emission and scattering provides information that can be 
classified broadly as analytical, structural, dynamic, and energetic.  
The visibility of an object depends upon whether it emits or reflects photons and 
the wavelengths of these photons are governed by the object’s composition. The human 
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eye perceives the existence or non-existence of particular wavelengths by the presence or 
absence of certain colors. The spectrometer is a device that is used for precise analysis of 
light interaction with the object. This precise measurement of the different properties of 
light that different substances produce, reflect, or absorb under various conditions forms 
the basis of optical spectroscopy.54 
Different chemical elements and compounds differ in how they interact with light 
(i.e. absorption, emission or reflection). It is because of the mechanical differences in the 
atoms and molecules that comprise them. The spectrometer produces spectral lines by 
measuring how the light has been reflected from, passed through, or emitted by the object 
being studied. Different substances produce distinctive spectral lines that can be used to 
identify their presence in a material. Other characteristics like light intensity, temperature 
and velocity provide useful information about the object and can be measured by a 
spectrometer.  
2.4 Review of conventional skin tissue optical spectroscopy techniques 
2.4.1 Diffuse Reflectance spectroscopy  
Diffuse reflection is the reflection of light from a surface in which an 
incident ray is reflected at many angles from the strike point of illumination. Diffuse 
Reflectance Spectroscopy (DRS), sometimes known as Elastic Scattering Spectroscopy, 
is a non-invasive technique that measures the characteristic reflectance spectrum 
produced as light passes through a medium. The primary mechanisms are absorption and 
scattering that produce the reflectance spectrum that containing information about the 
optical properties and structure of the medium being measured. Diffuse Reflectance 
occurs because of the back scattering of light when it passes through a sample. It refers 
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only to the part of the incident light that is scattered within the sample and returned to the 
surface. This back scattered light is collected by the detector to study the optical 
properties of materials.  
DRS has found applications in a number of areas. The most prominent is in the 
field of color measurement and color matching. The paper, paint, dye, textile, printing, 
and ceramics industries have made use of this technique for the measurement of color in 
routine quality-control functions.55 For pharmaceutical applications the technique is being 
used extensively for production control, formulation studies and for investigations of 
aging and illumination effects. This rapid spectroscopic technique has also been 
extensively used in the field of biomedicine. The numerous biomedical applications of 
DRS include optical biopsy - detection of breast and skin cancer, cancer treatment 
decisions and defining therapeutic drug levels. Most of these applications utilize the 
unique ability of DRS to quantify the tissue chromophores, in particular the hemoglobin, 
lipids and water, which can be used to differentiate between normal and diseased tissue.56  
2.4.2 Fluorescence spectroscopy  
 Fluorescence Spectroscopy (FS) is based on the phenomenon of fluorescence. 
The energy level diagram of a molecule with the ground (S0) and excited (S1) electronic 




Figure 2.2 Energy level diagram illustrating the phenomena of absorption and fluorescence of a 
molecule 
 
When a molecule is excited by an illumination wavelength within its absorption 
spectrum, it absorbs energy and moves from ground state (S0) to excited energy state (S1). 
The molecule relaxes back into the ground state either by emitting radiation or not. The 
relaxation depends on the local environment and occurs by thermal generation (dotted 
lines: non radiative) or by fluorescence emission (solid line: radiative) at particular 
wavelengths. Three different transitions take place during the emission of fluorescence: 
1. non radiative transition to lowest vibrational level of first excited state (S1). 
2. radiative (fluorescence emission) transition to a higher vibrational level of 
ground state (S0). 
3. non radiative transition to the lowest vibrational level of ground state  (S0). 
The emitted fluorescence normally has a longer wavelength than the illumination 
wavelength and is associated with the energy difference between the vibrational energy 
states in each electronic energy state.  
 FS has become an important tool in the field of biomedicine due to the presence 
of numerous endogenous fluorophores in tissues.58-64 The most common fluorophores in 
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the human tissues are NADH (nicotinamide adenine dinucleotide), flavins, collagen and 
elastin and produce autofluorescence (AF) which is the natural emission of light by 
cellular biological structures when they have absorbed light (additional artificial 
fluorescent markers are not used to induce fluorescence). Therefore, AF spectroscopy has 
been utilized extensively in the screening and diagnosis of various diseases.5, 12, 48, 65-68  
2.4.3 Raman spectroscopy  
Raman spectroscopy is an optical vibrational technology capable of probing 
biomolecular changes of tissue.47, 69-71 It is based on the Raman effect which was 
discovered by the Indian physicist Sir Chandrasekhara Venkata Raman (1888-1970) who 
won the Nobel Prize for physics in 1930. When the energy of the incident photon is not 
sufficient to excite the molecule to higher energy electronic level, the molecule is excited 
to the virtual energy level within the electronic level.72 If the energy of the incident 
photon is unaltered after the collision with the molecule, the scattering phenomenon is 
called Rayleigh scattering (elastic scattering). However, a very small proportion of 
incident photons (~1 in 1010) are scattered with a change in frequency,73 called inelastic 
light scattering or Raman scattering technique that resolves the fundamental vibrational 
frequencies of molecules. If the final vibrational state of the molecule is more energetic 
than the initial state, the emitted photon will be shifted to a lower frequency for the total 
energy of the system to remain balanced. This shift in frequency is designated as a Stokes 
shift. If the final vibrational state is less energetic than the initial state, then the emitted 
photon will be shifted to a higher frequency, and this is designated as an anti-Stokes 




Figure 2.3 Energy-level diagram showing the states involved in Raman signal 
 
Since Raman spectroscopy is a vibrational spectroscopic technique capable of 
providing details on the chemical composition, molecular structure, and molecular 
interactions in cells and tissues, it has been used in a variety of applications. Raman 
spectroscopy is commonly used in chemistry, since vibrational information is specific to 
the chemical bonds and symmetry of molecules. In solid-state physics, spontaneous 
Raman spectroscopy is used to characterize materials, measure temperature, and find the 
crystallographic orientation of a sample. Raman spectroscopy has also been used in 
various clinical applications to address various biomedical issues such as the early 
detection of cancers, monitoring of the effect of various agents on the skin, determination 




2.4.4 Basic instrumentation of fiber-based optical spectroscopy system 
The basic instrumentation of a fiber-based optical spectroscopy system consists of 
three essential units: 
1. Illumination unit 
2. Detection unit 
3. Fiber-optic probes 
2.4.5 Illumination unit 
The illumination unit consists of a suitable illumination source and an appropriate 
filter for efficient coupling of light into the probe to provide adequate irradiation to the 
sample. The required illumination source depends upon the type of spectroscopy. 
Normally, a broadband white light source is used for DRS. Filters are not required for 
DRS as the tissue sample is illuminated over the entire broadband visible range of 
wavelengths. More powerful light sources like lasers are required to induce fluorescence 
in biological samples. Therefore, lasers of different wavelengths are used to excite 
specific endogenous fluorophores present in the tissues. A suitable band-pass filter is 
essential to suppress the laser noise during tissue illumination. However, for Raman 
Spectroscopy, the illumination source should be strong enough to produce sufficient 
Raman signals and it should be monochromatized to have little power and to produce 
uncomplicated spectra.75 This is because the Raman signals  are very weak (only 1 in 1010 
photons undergo Raman scattering) and a high power laser is required for excitation so 
that sufficient Raman signals can be collected. The main difficulty for the implementation 
of in vivo tissue Raman diagnosis system is the interference of tissue AF, which is 
typically of several orders of magnitude stronger than the inherently weak tissue Raman 
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signals, and the interference of silica fluorescence and Raman signals.76 To avoid the 
strong AF interference, lasers in the ultraviolet (UV) range or near infrared (NIR) range 
are normally used. The UV lasers are typically used to probe superficial layers of tissue 
(due to its low penetration depth) and NIR lasers are utilized for probing deeper tissue 
layers. 
2.4.6 Detection unit 
The detection unit normally comprises of a spectrograph, a charged couped device 
(CCD) detector to record the spectra and a long pass filter to suppress the strong laser 
signal from the acquired spectra. The spectrograph is used to separate an incoming light 
wave into a frequency spectrum.It is used to separate and measure the wavelengths 
present in Electromagnetic radiation and to measure the relative amounts of radiation at 
each wavelength. The spectrograph is essential to resolve the incoming light wave into its 
characteristic spectrum. A CCD detector is used to detect and store the resolved spectrum. 
The CCD (multi-channel array detector) detection system has replaced other detection 
systems due to its reduced integration time, spectrum multiplexing capability, enhanced 
quantum efficiency and reduced etaloning effect over a large wavelength range (e.g., 
from 400 to 1100nm).75 CCD also provides improved detection sensitivity due to very 
low dark count rate and vertical binning.50, 77 Suitable long-pass filters are required to 
suppress the scattered laser light (which is several orders of magnitude higher than 
Raman and fluorescence signals) and to prevent the strong laser signal from interfering 




2.4.7 Fiber-optic probes 
Various types of fiber-optic probes have been designed for specific applications. 
The probes are usually bifurcated and comprise of several collection fibers surrounding a 
central excitation fiber. Different types of probes can be employed to acquire diffuse 
reflectance and fluorescence signals because these signals are very strong. However, 
special probes are required to acquire Raman signals and there are several critical design 
considerations for fiber-optic Raman probes:78-80 (i) The probe must have high collection 
efficiency to acquire Raman signal in very short acquisition time (<0.5 sec) with high 
SNR and low laser excitation power. (ii) Integration of filters to reduce laser noise, 
Rayleigh scattered light as well as fused-silica Raman and fluorescence interference. (iii) 
Constrained geometry for flexible clinical use to fit into the instrument channel of the 
desired medical equipment (e.g., endoscope, bronchoscope, colonoscope etc.). (iv) Bio-
compatible and capable to withstand medical sterilization. Controlling the probing depth 
and sampling volume is of great clinical importance during disease diagnosis because 
diseases like cancer typically initiates in the epithelial layer. Several design strategies 
such as beveled collection fibers, graded-index (GRIN) lens or distal ball lens have been 
proposed to maximize tissue spectral measurements in the epithelial tissue. Thus, it is of 
critical importance to choose the type of fiber-optic probe depending upon the type of 
application.  
2.5 Need for pressure sensitive probe in optical spectroscopy 
Optical spectroscopy techniques make use of fiberoptic probes during spectral  
measurements. 36, 37 The fiberoptic probes are generally in contact with the target skin 
tissue throughout the data acquisition process. Probe pressure contact reduces the 
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refractive index mismatch and eliminates specular reflection from the tissue.30, 35, 36It also 
reduces spectral variations in acquired data compared to non-contact measurements. 
Moreover, the deformable nature of the skin results in compression of the tissue when 
pressure is applied resulting in changes in tissue optical properties.30 Disparities in data 
acquisition and inaccuracies in diagnosis arise if there is variation in the applied probe 
pressure. The probe-tissue contact pressure is a user-dependent parameter that is difficult 
to control as the operator does not have any information about the applied probe pressure. 
Hence it is essential to quantify the exerted probe-tissue contact pressure and provide 
feedback to the operator in order to mitigate the pressure induced distortions in the 
acquired spectral data. The need for real-time monitoring and quantification of applied 
probe pressure can be accomplished by the development of a pressure sensitive probe that 
is capable of establishing dynamic probe pressure control by providing quantitative probe 
pressure feedback to operators during spectroscopic measurements.    
2.6 Confounding effect of probe pressure 
Various groups have attempted to study the effects of probe-tissue contact 
pressure on the spectral profiles of the acquired optical spectra. The probe pressure is an 
important parameter because many diagnostic or therapeutic applications that use optical 
fiber probes, pressure is often applied to the tissue to reduce index mismatch and increase 
light transmittance.35 It has been reported that optical properties like transmittance, 
reflectance, absorption coefficient and scattering coefficients showed considerable 
variations with changes in applied probe pressure.81 The effects of probe pressure on 
diffuse reflectance spectroscopy have been investigated extensively in the last two 
decades. Eric Chan et al. were the first to study the effects of probe pressure on in vitro 
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human skin and reported that the overall reflectance decreased with applied probe 
pressure.35 Shangguan et al. measured the effects of probe tissue contact pressure on in 
vitro elastin biomaterial and showed the reflectance signal decreased with increase in 
exerted probe pressure.81 Reif et al. carried out the first in vivo probe pressure reflectance 
studies on mouse high muscle and reported that the probe-tissue contact had a significant 
effect on the reflectance spectra.82 Ti Et al. investigated the in vivo probe pressure 
induced reflectance measurements on mouse heart and liver tissue and reported that no 
statistically significant changes in diffuse reflectance spectra were observed.29 The first 
reflectance measurements on in vivo human skin (palm tissue) were carried out by Chen 
et al. who reported that the reflectance signal decreased with applied probe pressure.36 
Clinical studies were carried out by Atencio et al. who measured reflectance signals from 
in vivo human volar forearm at different pressures and their reported results were in 
agreement with Chen et al.37 However, Randeberg et al. reported an increase in 
reflectance signal with applied probe pressure.83 Recent studies by Lim et al. have shown 
that the effect of probe-tissue contact pressure on in vivo human skin is site-specific.32 
They reported that the applied probe pressure produced contrasting effects on the 
forehead and neck reflectance signal. Cugmas et al. have shown that the significant 
variations in reflectance measurements with applied probe pressure can be used as 
valuable information for soft tissue classification (i.e. skin above muscle, skin above 
veins and skin above bone).31 The above studies that report on the effects of probe-tissue 
contact pressure on diffuse reflectance measurements show that the probe pressure is a 
confounding variable and it is important to monitor the applied probe pressure in real-
time to mitigate its effects on the acquired spectral data.  
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Similar probe pressure studies on fluorescence spectroscopy have already been 
carried out but these studies are very limited in number. Fluorescence spectra acquired at 
different probe pressures during in vivo FS from cervical and breast tissues showed that 
though the variations in probe pressure resulted in differences in fluorescence intensity; it 
was not large enough to affect the diagnostic capacity of fluorescence spectroscopy.34, 84, 
85 Probe pressure studies which were carried out by Ti et al. during in vivo FS on rat liver 
and heart issue showed that the fluorescence intensity clearly increased with applied 
probe pressure. They also reported that a minimum tissue-dependent threshold pressure is 
required to induce statistically significant alterations in the fluorescence spectra.29 Lim et 
al. reported that the effect of probe pressure is site-specific with no increasing or 
decreasing trend.32 These aforementioned studies show that more investigation has to be 
carried out to characterize the effects of probe-tissue contact pressure on in vivo FS. 
 Till date (up to our knowledge), there has been no detailed studies that have 
analyzed the influence of probe pressure on in vivo Raman spectroscopy. The existing 
literature show that probe pressure has negligible effect on Raman signals if it is 
maintained below clinically extreme pressures of 55 kPa.86, 87 However, more detailed 
studies are required to evaluate the effect of probe-tissue contact pressure on in vivo 
Raman spectroscopy.  
The concurrent probe pressure spectroscopic studies discussed above suffer from the 
following shortcomings: 
i) Many of these studies used arbitrarily defined pressure values which were operator-
dependent (i.e. the pressure was not quantified and so it is impossible to know how much 
pressure was applied). 
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ii) Some studies utilized spring loaded devices in which pre-set pressure levels were 
utilized to perform spectroscopic measurements. These devices could only be used to 
measure probe pressures at specific pre-set pressure levels while pressure monitoring or 
measurement over a wide range is not possible. Moreover, these devices were difficult to 
use because they had to be calibrated every time before conducting experiments due to 
the mechanical properties of the spring. 
iii) Some studies also depended upon the extent of tissue compression (in mm) to apply 
pre-set pressure levels on the tissue. These measurements may not be accurate due the 
inter-subject differences in tissue deformability. 
Therefore, in this dissertation, the focus is on the development of a pressure sensitive 
fiber-optic probe for real-time quantitative monitoring of probe-tissue contact pressure, 
evaluation of the probe pressure effects on various optical spectroscopic techniques and 
the discussion of improvements in pressure measurements by the utilization of the 
developed pressure sensitive spectroscopic platform.    
2.7 Conventional Pressure Sensors 
There are different types of pressure sensors that have been developed over the 
years. Pressure sensors are typically used to determine the magnitude of applied pressure. 
Most pressure sensors have the ability to sense a wide range of pressures (zero to few 
hundred kilo Pascals).  
2.7.1 Types of pressure sensors 
2.7.1.1 Piezo-resistive strain gauge 
The piezoresistive effect of bonded or formed strain gauges are used to detect 
strain due to applied pressure. Common technology types are Silicon (Monocrystalline), 
23 
 
Bonded Metal Foil and Thick Film. This is the most commonly employed sensing 
technology for general purpose pressure measurement. Generally, these technologies are 
suited to measure absolute, gauge, vacuum, and differential pressures. 
2.7.1.2 Capacitive 
A variable capacitor is created by the use of a diaphragm and pressure cavity to 
detect strain due to applied pressure. Common technologies use metal, ceramic, and 
silicon diaphragms. Generally, these technologies are most applied to low pressures. 
2.7.1.3 Electromagnetic 
The displacement of a diaphragm is measured by means of changes 
in inductance, Hall Effect, or by eddy current principle. 
2.7.1.4 Piezoelectric 
The piezoelectric effect in certain materials such as quartz is used to measure the 
strain upon the sensing mechanism due to pressure. This technology is commonly 
employed for the measurement of highly dynamic pressures. 
2.7.1.5 Optical 
Techniques include the use of the physical change of an optical fiber to detect 
strain due to applied pressure. A common example of this type utilizes Fiber Bragg 
Gratings. This technology is employed in challenging applications where the 
measurement may be highly remote, under high temperature, or may benefit from 
technologies inherently immune to electromagnetic interference. Another analogous 
technique utilizes an elastic film constructed in layers that can change reflected 




The motion of a wiper along a resistive mechanism is used to detect the strain 
caused by applied pressure. 
 The real-time monitoring of applied probe pressure in biomedical spectroscopic 
applications has been challenging due to the non-availability of appropriate pressure 
sensors that could be integrated into the probe during spectral data acquisition. This is 
because the traditional pressure sensors were large and bulky and could not be coupled 
with the small probes that are used in optical spectroscopy. Moreover, the commercially 
available pressure sensors were mostly utilized to measurement of extreme pressure (> 
100 kPa) and therefore these sensors had a very low sensitivity to measure clinically 
relevant low pressures (< 100 kPa). 
2.7.2 Thin film pressure sensors 
Thin film pressure sensors are piezo-resistive sensors that have been recently 
developed and work on the principle of transduction of mechanical strain into an 
impedance change providing simple read-out of the applied pressure.88Many of the 
reported resistive-type sensors function based on bulk piezoresistivity and employ 
composites of insulating polymers and conductive additives as the active layer.89 These 
pressure sensors are small (3-9 mm sensing area diameter) and flexible having high 
sensitivity (upto 50 mV/kPa) and very low response time (< 5µs). Figure 2.4 shows a 
picture of two types of thin film pressure sensors. These sensors are useful for biomedical 
spectroscopic applications due to their small size and high sensitivity to measure low 
pressures (0- 100kPa). We employed these thin film sensors during the development of 
the pressure sensitive probe and utilized the pressure sensor coupled probe to evaluate the 





Figure 2.4 Examples of thin-film piezo-resistive pressure sensors 
2.8 Data pre-processing 
Devices like gratings, detectors, beam splitters, lenses and other components that 
are used for analysing light are, by their very nature wavelength-dependent. The response 
of these individual components is collectively termed as the instrument response. 
Whenever it is necessary to define the precise shape of spectral features, the instrument 
effects must be removed from data. Instrument corrections adjust the observed intensity 
value of each data point in a spectrum by a factor that represents the relative response of 
the instrument at that point. Etaloning in the CCD, modal interference in optical ﬁlters, 
variation in the CCD pixel sensitivity and particularly, gradual change in quantum 
eﬃciency of the detector across the spectral range can cause a signiﬁcant change in 
instrument sensitivity that varies slowly with wavelength, resulting in rapid oscillation in 
the sensitivity of the spectroscopy instrument with changing wavelength.90 Therefore, the 
acquired spectra must first be corrected for wavelength dependence of the system. A 
stable white light source such as a tungsten-halogen lamp or flashlight with tungsten bulb 
is normally used to correct for the instrument dependence of the spectra. Spectra are 
acquired using the standard white light source whose spectral distribution is already 
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known and this information is utilized to correct for the instrument response of the 
system. Furthermore, the background noise must be subtracted from the acquired spectral 
data. This can be done by blocking the source and scanning the dark data and subtracting 
it from the original spectral data. This process is automated in many software packages. 
For Raman spectroscopy, further data processing is required to extract the Raman signals 
from the intensity corrected raw data. The intensity corrected raw data is a combination 
of prominent tissue AF background, weak tissue Raman scattered signals, and noise. 
Hence, the intensity corrected spectra has to be further smoothed (e.g., Savitzky-Golay) 
to reduce the uncorrelated noise.91, 92 Since, the AF is typically several orders of 
magnitude more intense than the Raman signal, accurate subtraction of this AF signal is 
necessary to obtain the pure Raman signal and is still a challenge.93 A number of 
methodologies have been proposed for effectively removing the tissue AF background.94-
97 However, polynomial fitting is one of the most commonly used methods and found to 
be the simplest and accurate to describe the broad AF line shape and retain the Raman 
spectral features.95 Therefore, data processing has to be carefully carried out to obtain the 
required spectral data from the acquired raw spectra. 
2.9 Multivariate statistical analysis 
Multivariate statistical analysis refers to multiple advanced techniques for 
examining relationships among multiple variables at the same time. Multivariate 
procedures are often used in studies that involve more than one dependent variable (also 
known as the outcome or phenomenon of interest), more than one independent variable 
(also known as a predictor) or both. This type of analysis is desirable because most 
research problems are affected or influenced by more than one variable. In spectroscopy, 
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multivariate algorithms are employed to study the dependence of the acquired spectra 
over a wide range of independent wavelengths. 
2.9.1 Classification algorithms 
Several multivariate classification algorithms like principal component analysis-
linear discriminant analysis (PCA-LDA)71, 98, 99 and partial least squares-discriminant 
analysis (PLS-DA)22, 100, 101 have been utilized to classify the spectroscopic data based on 
different parameters. Classification of normal tissue from abnormal tissue102, 103 and soft 
tissue classification (i.e. skin above muscle, skin above veins and skin above bone)31, 56 
have been performed by utilizing the aforementioned statistical algorithms. In this 
dissertation, we use PLS-DA to classify the spectral data based on the magnitude of the 
applied pressure (i.e. LP, MP, and HP).  The goal of PLS-DA is to predict or analyze a set 
of a set of dependent variables from a set from a set of independent variables or 
predictors. This prediction is achieved by extracting from the predictors a set of 
orthogonal factors called latent variables (LVs) that are essentially loading values having 
the best predictive power104. PLS-DA is based on the PLS model in which the dependent 
variable is chosen to represent the class membership.105 The class membership for each 
sample is usually coded with zeros (i.e., sample does not belong to a particular class) and 
ones (i.e., denoting the presence of sample to a particular class). PLS-DA utilizes the pre-
defined class membership information to maximize the group separation. It extracts the 
latent variables in a decreasing order of their respective singular values from the input 
dataset. PLS-DA follows the principle of PCA, but further rotates the components (latent 
variables (LVs)) to achieve maximum group separation.103 Unlike PCA, PLS-DA 
correlates the variations in the dataset with the response variable. Therefore, PLS-DA 
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makes use of relevant variations in the dataset rather than the most significant differences 
and can be used to provide diagnostically relevant predictions. The optimum number of 
components is estimated based on the local minimum of cross-validation classification 
error values. The latent scores, loadings and weights are extracted for the corresponding 
number of components selected. In PLS-DA, the complexity of the model is controlled 
by the number of components selected and the number of optimal components is 
determined from CV error values. The CV error plot is a curve plotted between the 
number of LVs and the estimated error in the prediction model. The objective is to choose 
the optimum number of components that minimizes the error in prediction. By selecting 
the optimum number of components it is possible to avoid over fitting and under fitting. 
Thus, these multivariate algorithms are used for in-depth analysis of the acquired spectral 










Chapter 3. Development of a pressure sensitive fiber-optic 
probe for real-time, quantitative monitoring of probe-tissue 
contact pressure on in vivo autofluorescence spectroscopy 
This chapter is divided into two major parts. The first part focuses on the 
development of the real-time pressure sensitive fiber probe for in vivo optical 
spectroscopy and the utilization of the developed pressure sensitive probe for evaluation 
of probe-tissue contact pressure effects on in vivo UV/visible AF at 405 nm laser 
excitation. The second part of this chapter deals with the assessment of probe pressure 
effects on in vivo NIR AF spectroscopy under laser excitation of 785 nm. 
3.1 Probe-tissue contact pressure effects on in vivo UV/visible 
autofluorescence spectroscopy 
A novel miniaturized probe design integrated with a customized piezo-resistive pressure 
sensor is presented in this study for real-time, quantitative monitoring of probe-tissue 
contact pressure effects during in vivo skin optical spectroscopy measurements. The 
developed pressure sensitive probe with sensitivity of ~20.6 mV/kPa and short response 
time of < 5 µs was then utilized to investigate the probe pressure induced spectral 
variations on in vivo skin autofluorescence (AF) spectroscopy at clinically relevant probe 
contact pressures (i.e., 0 to 200 kPa). High-quality in vivo AF spectra (λex=405 nm; 
λem=450-650 nm) were acquired from fingertip and volar forearm skin sites (n=10 
subjects) at three reference pressure levels (i.e., low pressure (LP) ~10 kPa, moderate 
pressure (MP) ~50 kPa and high pressure (HP) ~130 kPa). The emission peak intensity 
(I467nm) of skin AF spectra showed that MP affected fingertip AF appreciably (p < 5X10-4) 
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compared to volar forearm (p > 0.05). Multiclass partial least squares-discriminant 
analysis (PLS-DA) could accurately classify 56.41% (22/39) of the fingertip spectra and 
12.82% (5/39) of volar forearm spectra measured under MP from LP and HP, which 
reconfirmed the site-specific effect of probe pressure (i.e., MP influenced fingertip AF 
considerably, but not the volar forearm AF). The PLS-DA analysis could further 
accurately separate 70.59% (24/34) of fingertip and 86.11% (31/36) of volar forearm AF 
acquired at LP from MP and HP, which suggested that the probe pressure affected in vivo 
skin AF significantly. The instant, quantitative probe pressure feedback provided by the 
developed pressure sensitive fiberoptic probe could be used to mitigate the probe pressure 
induced site specific spectral variations on in vivo skin tissue AF. 
3.1.1 Introduction 
Skin is an important organ in the human body that is highly vulnerable to diseases such as 
cancer. The skin is a complex structure with a unique tissue biochemical composition that 
has to be carefully monitored for biochemical changes to detect and diagnose various 
skin diseases58, 106 Recently, fiberoptic spectroscopy techniques (e.g., reflectance, 
fluorescence and Raman spectroscopy) capable of probing changes in tissue optical 
properties that can reflect physiological parameters and tissue composition have been 
recognized as promising candidates for in vivo disease diagnosis in various organs of the 
human body.1, 3, 8, 23, 28, 66 The spectroscopy diagnostic instruments employ fiberoptic 
probe as an integral part of system, enabling non-invasive or minimally-invasive access 
to remote internal organs. The probe is placed against the target tissue and remains 
unchanged during in vivo spectral measurements. This ensures probe-tissue contact, 
avoids inconsistent illumination-detection geometry, reduces refractive index mismatch, 
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and increases light penetration depth into tissue to enhance the diagnostic capability of 
spectroscopy instruments.29 High probe contact pressure, however, alters the optical 
properties of tissue31, 32 by producing following effects on tissue under compression: 
decreased thickness, reduced blood volume and oxygen saturation, vasodilation, 
microcirculation impairment, densely packed scatterers and occlusion under the probe 
tip.30 Furthermore, it is hard to control the applied probe pressure particularly in clinical 
scenario (e.g., in vivo diagnosis in endoscopic organs) due to difficulty in accessibility of 
internal organs. Thereby, utilization of hand-held fiberoptic probe in tissue optical 
spectroscopy may introduce operator-induced variations in the magnitude of probe 
pressure exerted onto the tissue.32, 33 This may lead to potential concerns such as changes 
in tissue spectral profiles, disparities in data collection and calibration34 and possible 
inaccuracies in diagnosis. Hence, acquisition of high-quality in vivo tissue spectra in sub-
seconds (<1 sec) together with real-time probe handling advice about probe contact 
pressure and its effects are highly paramount to mitigate user-induced tissue spectral 
profile variations.  
Very few limited studies have investigated the effect of exerted probe pressure on 
in vivo tissue spectral measurements.29, 32, 84, 85 For instance, the varying fiberoptic probe 
pressure exhibited insignificant changes in cervical tissue fluorescence.84, 85 Ti et al. have 
reported that the site-specific effects of high probe pressure on in vivo fluorescence of rat 
liver and heart tissue can be minimized with the application of short-term low pressure 
(LP).29 Lim et al. also disclosed that short-term, light probe pressure has negligible 
effects (i.e., within 0 ± 10% for all extracted physiological properties) on in vivo skin 
fluorescence and reflectance.32 However, till date (up to our knowledge), most of the 
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reported studies in fluorescence spectroscopy modalities are limited to employing pre-
calibrated spring loaded device for exerting arbitrary pressure onto tissue32, 84 or utilizing 
subjective, operator determined light, medium or firm pressures84. In this study, we report 
on the development of a novel pressure sensitive piezo-resistive fiberoptic probe 
applicable for various biomedical spectroscopy platforms (e.g., Raman, fluorescence, and 
reflectance) to quantitatively monitor the effects of probe-tissue contact pressure in vivo 
in real-time. We further tested the capability of the developed pressure sensitive piezo-
resistive fiberoptic probe for assessing contact pressure effects on in vivo skin 
autofluorescence (AF) spectroscopy. Since skin acts as a highly scattering medium in 
visible to near-infrared region, it presents one of the most challenging organs with 
complex inhomogeneous morphological structures to demonstrate the probe pressure 
effects.  Multivariate analysis including partial least squares-discriminant analysis 
(PLS-DA) was executed on skin AF spectra to elicit the spectral information associated 
with probe pressure variability. 
3.1.2 Materials and methods 
3.1.2.1 Pressure sensitive UV/visible AF spectroscopic platform 
Figure 3.1.1 shows the schematic of pressure sensitive in vivo tissue AF 
spectroscopy platform developed for real-time, quantitative monitoring of probe-tissue 
contact pressure effects. The spectroscopy system consists of a spectrum-stabilized 405-
nm diode laser (maximum output: 100 mW, Power Technology Inc., Alexander, AR, 
USA), a transmissive imaging spectrograph (QE65000, Ocean Optics Inc., Dunedin, FL, 
USA) equipped with a back-thinned charge-coupled device (CCD) detector (S7031-1006, 
1024X58with pixel sizes of 24.6mm, QE > 90%, Hamamatsu, Shizuoka, Japan), and a 
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customized piezo-resistive sensor coupled bifurcated fiberoptic probe.  
 
Figure 3.1.1 Schematic of the pressure sensitive fiber-optic autofluorescence (AF) spectroscopy 
system 
The hand-held bifurcated fiber probe (2 m in length, 6.35 mm in outer diameter, 
R200-7-VIS/NIR, Ocean Optics Inc., Dunedin, FL, USA) consists of a tight bundle of 
200 µm silica fibers in a 6-around-1 configuration (i.e., 6 collection fibers surrounding 
the central laser light delivery fiber). The excitation and emission fibers at the proximal 
ends of fiberoptic probe were coupled into two separate filter modules: the excitation 
fiber is integrated with a narrow band-pass filter (FBH 405, Thorlabs Inc., Newton, NJ, 
USA) to suppress laser noise and to reduce fused-silica noise generated in the excitation 
fiber before the excitation beam hits the tissue; the collection fiber bundle is integrated 
with a long-pass filter (HQ 430, Thorlabs Inc., Newton, NJ, USA) to further reduce the 
scattered laser light, while permitting tissue AF signals to pass toward the spectrograph 
through a specially designed round-to-line fiber bundle adapter (28×50μm, NA=0.22). 
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The round-to-line fiber bundle adapter further improves the signal-to-noise ratio of the 
measured in vivo tissue NIR AF signal of up to 7.6-fold (√58) by vertical binning of 
entire CCD. The hand-held fiberoptic probe is customized by coupling a piezo-resistive 
flexiforce pressure sensor (sensing area outer diameter of 6.35 mm, length of 51 mm, 
thickness of 0.203 mm, Tekscan Inc., South Boston, MA, USA) to the probe tip to 
facilitate real-time, quantitative monitoring of probe pressure exerted on the tissue and its 
effects. The relative contact area (i.e. ~0.6 cm2) is equal to the sensing area of the 
pressure sensor. The standard thin film pressure sensor is made of a piezo-resistive 
polyester substrate that changes its resistance with applied pressure on the sensing area. 
The pressure sensor has large working range of 0-25 lbs, sensitivity of ~20.6 mV/kPa for 
measuring clinically relevant pressures (0-200 kPa), very short response time of <5µs, 
and operating temperature of -9°C to 60°C, greatly facilitating the adoption of piezo-
resistive sensor coupled pressure sensitive fiberoptic probe for real-time quantitative 
monitoring of probe pressure and its effects on in vivo tissue spectroscopy. The pressure 
sensor is connected to a force/pressure-to-voltage circuit and analog to digital converter 
(ADC) to promptly quantify the magnitude of exerted probe pressure onto the tissue. The 
force-to-voltage circuit consists of a voltage divider circuit with a fixed reference 
resistance of 1.5 MΩ followed by an inverting amplifier with an adjustable gain and DC 
bias (0 to 5 V) to produce an analog output based on the resistance of the sensor. The 
ADC further converts the sensor’s analog output to a digital voltage value. The sensitivity 
of the sensor can be adjusted either by changing the reference resistance or drive voltage. 
The lower reference resistance or drive voltage allows the sensor to be less sensitive with 
large active force range. The entire control of the system is implemented by a personal 
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computer using in-house developed graphical user interface (GUI) under Matlab 
environment (Mathworks Inc., Natick, MA, USA) that triggers data acquisition and 
analysis including laser power control, CCD shutter and camera readout synchronization, 
CCD dark-noise subtraction, outlier detection, wavelength calibration, system spectral 
response calibration, normalization, and real-time display of in vivo skin spectra together 
with the quantified probe contact pressure applied.38 
3.1.2.2 Calibration of the fiber-optic pressure sensor 
Precise calibration of fiberoptic pressure sensor is essential for accurate real-time 
quantification of applied probe pressure during in vivo tissue spectroscopic 
measurements. Standard weights were utilized for the calibration process. The sensor was 
pre-calibrated using standard weights in the range of 0-2 kg with small increments of 
50 g and the response of the sensor was noted. The standard weights were first placed on 
the sensing area of the pressure sensor (starting from 50g to 2g) in steps and the response 
of the sensor was noted. The force (mass X acceleration of gravity) and pressure (force / 
sensing area) values corresponding to the weight applied were calculated. The resistance 
of the sensor gradually decreases with applied pressure and causes an increase in the 
output voltage. The relationship between the applied probe pressure and the output 
voltage was calculated and plotted in Figure (3.1.2). The calibration procedure was 
repeated three times and standard deviation of the measured pressure was calculated and 
plotted in Figure 3.1.2 
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Figure 3.1.2 Typical response curve ± standard deviation (SD) of thin film piezo-resistive pressure 
sensor calibrated for range of pressures (0 – 200 kPa) 
 
The picture of the final piezo-resistive fiberoptic probe attached to the pressure 
sensor is shown in Figure 3.1.3 (a).  A central aperture (seen in Figure 3.1.3) in the 
sensing area of the pressure sensor allows the unhindered passage of light into the tissue. 
Figure 3.3.3 (b) shows the experimental setup and Figure 3.3.3 (c) shows the schematic 
of the human arm indicating the various measurement sites. 
The flexiforce sensor and the probe tip were integrated by using a suitable 
adhesive. However, care should be taken to use an adhesive that does not react 
chemically with the substrate of the pressure sensor. Additionally, the pressure sensor 







Figure 3.1.3  a) Picture of the pressure sensor attached with the piezo-resistive fiberoptic probe. The 
central aperture in the pressure sensor allows the unhindered passage of light into the tissue b) Picture 
of the experimental setup c) Schematic of the human arm showing the various skin measurement sites. 
3.1.2.3 In vivo pressure sensitive skin AF measurements 
The pre-calibrated pressure sensor coupled piezo-resistive fiberoptic probe was 
mounted horizontally on a translation stage. The tissue site to be measured (i.e., index 
fingertip or volar forearm) was fixed perpendicular to probe tip to restrict the mobility 
and to avoid variations in exerted probe pressure due to orientation of probe during 
spectral measurements. Movement of the hand will cause variations in the applied probe 
pressure and will be reflected in the real-time pressure value that is measured by the 
pressure-sensitive probe. Therefore, care was taken to avoid sudden motion of the hand 
during the experiment by placing the measurement site between a fixed immovable stage 
(on one side) and the horizontally displaceable probe tip (on the other side). The 
translation stage was promptly displaced to employ desirable probe pressures (i.e., LP – 
10 kPa, moderate pressure (MP) – 50 kPa and high pressure (HP) – 130 kPa) on in vivo 
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target tissue site. The applied probe pressure was instantaneously displayed in the real-
time diagnostic software,38 guiding the operator to continue holding the probe against the 
tissue at desired reference pressure level during in vivo tissue spectral acquisition. High-
quality in vivo tissue AF spectra were subsequently measured from fingertip (n=113) and 
volar forearm (n=115) of 10 healthy volunteers at the aforementioned three reference 
pressures within an integration time of 1 sec under 405 nm laser excitation. Multiple 
spectra (~3-4) were obtained from each site for all the three pressure levels to include 
inter- and/or intra-tissue variability for data analysis. Pronounced spectral changes have 
been previously reported due to diverse skin phototype and associated variations in 
melanin and hemoglobin content across individuals (i.e., race, age, and sun exposure).68 
The volunteers were therefore restricted to single race (i.e., Chinese) with the age limit of 
18-35 and no history of skin cancer. 
3.1.2.4 Multivariate statistical analysis 
Multi-class probabilistic PLS-DA was performed to realize in vivo discrimination 
among skin AF spectra acquired at different pressure levels. PLS-DA employs the 
fundamental principle of principal component analysis (PCA), but further rotates the 
components (latent variables (LVs)) by maximizing the covariance between AF spectral 
variations and applied probe pressure in order to exclusively explain probe pressure 
related spectral variability.107 The performance of PLS-DA model was validated using 
leave-one volunteer-out, cross validation methodology. In this validation procedure, the 
spectral data of one volunteer was left out and the PLS-DA model was redeveloped from 
the spectra measured from remaining volunteers. The redeveloped model was used to 
classify the withheld spectral data of one volunteer and this process was repeated 
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iteratively until withheld spectral data of all volunteers were classified. The complexity of 
the developed PLS-DA model (i.e., number of LVs required to develop the model) was 
determined on the basis of minimum classification error.105 The one-against-all multi-
class terminology was further utilized to classify the tissue spectra measured under 
different pressure levels.108 The multivariate statistical analysis was performed using the 
PLS toolbox (Eigenvector Research, Wenatchee, WA) in the Matlab (Mathworks Inc., 
Natick, MA, USA) programming environment. 
3.1.3 Results 
High quality in vivo skin tissue AF emission spectra were acquired (< 1 sec) in the 
range 450 – 650 nm using the developed novel pressure sensitive piezo-resistive 
fiberoptic probe coupled AF spectroscopy platform under 405 nm-excitation. Figure 3.1.4 
shows the in vivo mean skin AF spectra ±1 standard error (SE) of index fingertip (n=113) 
and volar forearm (n=115) acquired from 10 healthy volunteers at three defined reference 
pressure levels [10 kPa (LP), 50 kPa (MP) and 130 kPa (HP), (Table 3.1.1)]. The 
measured AF spectra essentially exhibited intense, broadband, but an overall decreasing 
curve with varying intensities for each pressure level. The tissue AF spectra presumably 
emerged due to the superposition of light re-emission from excited endogenous skin 
fluorophores (e.g., nicotinamide adenine dinucleotide (NADH), flavin adenine 
dinucleotide (FAD), and collagen), usually distorted by the re-absorption of intrinsic 
tissue pigments (e.g., blood in dermis).109 The AF emission maximum intensity (over the 
range 450-470 nm, peaked at ~467 nm, p < 1X10-8) of fingertip and volar forearm skin 




Pressure Level Load (g) Force (N) Pressure (kPa) 
Low Pressure (LP) 50 0.490 10 
Medium Pressure (MP) 350 3.430 50 
High Pressure (HP) 800 7.840 130 
 
Table 3.1.1 The range of pressures applied on skin tissue (i.e., index fingertip and volar forearm) 
using the pressure sensitive fiber-optic probe (sensing area= 0.6 cm2)   during autofluorescence (AF) 
spectral measurements together with the equivalent load and force 
 
Besides emission maximum (~467 nm), significant changes (p < 0.0001, one-way 
ANOVA with Bonferroni correction at 5%) with probe pressure were evident around 518-
526 nm (p < 1X10-4) and 540-570 nm (p < 1X10-7), reconfirming that the observed AF 
changes primarily contain signals related to NADH (λem~460nm), FAD (λem~520nm), 
dermal collagen (λem~460nm) and blood (i.e., oxy/deoxy-hemoglobin in blood, λem~540, 
557, 577 nm).29, 59, 110 Furthermore, the fingertip and volar forearm AF spectra measured 
under LP exhibited considerably less spectral variance (~ 2 % ) compared to HP (~ 10 
%), signifying that LP causes trivial changes in tissue optical properties.32, 87 The intensity 
bar plot comparing the maximum fluorescence emission (~467 nm) intensity for different 
probe pressure levels ± 1 SD (Figure 3.1.5) denotes that the effect of probe pressure is 
site-specific. For instance, fingertip AF changed significantly for MP as well as HP. On 



























































Figure 3.1.4 The mean in vivo autofluorescence (AF) spectra  1 standard error (SE) acquired from 
(a) fingertip (n=113) and (b) volar forearm (n=115) of 10 healthy volunteers at LP (10 kPa), MP (50 
kPa) and HP (130 kPa). (LP, low pressure; MP, medium pressure; HP, high pressure). [The Standard 




To further understand the AF spectral profile changes associated with user-
induced probe contact pressure variability, multivariate algorithms including PLS-DA 
together with leave-one volunteer-out, cross validation, was employed. The dataset was 
arranged with each wavenumber being in columns and individual case rows. The PLS-
DA class membership for each sample was predefined by coding with zeros (i.e., sample 
does not belong to a particular class) and ones (i.e., denoting the presence of sample to a 






































Figure 3.1.5 Bar plot displaying the peak AF intensity [I467nm] of the acquired fingertip and volar 
forearm AF spectra among three pressure levels (LP ~10 kPa, MP ~50 kPa and HP ~130 kPa). The one 
standard error (SE) confidence interval is shown for each model component. Note: (*) indicates a 
significant difference (p < 1X10-3); whereas (**) indicates a significant difference (p < 1X10-7) for 






The arranged dataset was mean-centered to eliminate common variance. Outlier 
analysis based on PCA coupled with Hotelling’s T2 and Q-residual statistics was further 
utilized to remove the spectra with unusual variations (e.g., light interference).38 
Following the spectral quality verification, the leave-one volunteer-out, cross-validated 
PLS-DA multi-class diagnostic models were developed for fingertip and volar forearm 
dataset using optimum number of components. The optimum number of components was 
found to be 3 LVs for fingertip and 1 LV for volar forearm dataset (see Figure 3.1.6), 
accounting for 99.47% and 83.39% of total AF spectral variations, respectively, for 
differentiating pressure induced changes in skin AF. 

















Figure 3.1.6 The number of latent variables (LVs) against cross-validation error for identifying ideal 
number of LVs to be utilized for classifying spectra measured at different probe-tissue contact 





The loading vectors are related to the basic spectrum by their corresponding score 
which represent the weight of that loading vector against the basis spectrum. Therefore, 
they provide significant insights into the underlying spectral shape which can be useful 
for resolving spectral variations in the data. The corresponding LV loadings for fingertip 
and volar forearm dataset (Figure 3.1.7) exemplifies that the prominent spectral 
variations are located around the emission peaks ~465, 529, 540, 557, and 572 nm, 
representing the native skin tissue chromophores such as collagen, NADH, FAD, and 
blood oxy/deoxy-hemoglobin. The posterior probability values were further calculated 
for fingertip and volar forearm datasets using the developed PLS-DA multi-class models 
and shown as a 2-D ternary scatter plot (Figure 3.1.8).  
The generated models for fingertip and volar forearm dataset classify the AF 
spectra measured under LP from MP + HP with a correct rate of 70.59% and 86.11%, 
respectively; the spectra acquired at MP from LP + HP with a correct rate of 56.41% and 
12.82%, respectively (Table 3.1.2). The above results suggest that the probe-pressure 
effect on in vivo skin AF is site-specific and causes a significant change in both fingertip 
and volar forearm AF. Thus, the developed novel pressure sensitive piezo-resistive 
fiberoptic probe has great potential to mitigate the high probe pressure induced variations 
on native skin AF by quantitatively monitoring the probe-tissue contact pressure in real-







 AF prediction 
 Fingertip Volar forearm 
 LP MP HP LP MP HP 
LP 24 10 0 31 0 5 
MP 9 22 8 24 5 10 
HP 6 13 21 15 5 20 
Correct classification 
rate (%) 
70.59 56.41 52.50 86.11 12.82 50.00 
 
Table 3.1.2 Classiﬁcation results for discriminating in vivo skin tissue (fingertip and volar forearm) 
autofluorescence spectra measured at low-pressure, medium pressure and high pressure using PLS-DA 
algorithms, together with the leave-one volunteer-out, cross-validation method. [The diagonals are 
correct predictions while the off diagonals are the false predictions]. 
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Figure 3.1.7 The diagnostically significant LVs calculated from the autofluorescence (AF) spectra of 
(a) fingertip and (b) volar forearm measured at three different probe pressure levels (LP ~10 kPa, MP 
~50 kPa and HP ~130 kPa) 
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Figure 3.1.8 Two-dimensional ternary plot of the posterior probabilities belonging to low pressure 
(LP), medium pressure (MP), and high pressure (HP) categories calculated from the PLS-DA models 
together with leave-one patient-out, cross validation, generated from in vivo autofluorescence (AF) 
spectra of (a) fingertip and (b) volar forearm 
 
3.1.4 Discussion 
Fiberoptic spectroscopy techniques including reflectance, fluorescence and 
Raman have recently emerged as a compelling tool for early cancer diagnosis at the 
molecular level.1, 3, 8, 23, 28, 66 The latest technical advances including high-performance 
spectroscopy instrumentation, fiberoptic probe design, and real-time implementation of 
chemometric techniques play a pivotal role in making these spectroscopy modalities as a 
robust diagnostic tool in clinical settings.38 These potential clinical spectroscopy 
modalities require hand-held fiberoptic probes to perform contact spectral measurement 
from remote internal organs. The probe-tissue contact spectral measurement reduces the 
refractive index mismatch between the probe tip and tissue, thus providing less spectral 
variability compared to non-contact measurements.30, 35, 36 It has been, however, reported 
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that the probe-tissue contact pressure is a user-dependent variable that affects the local 
optical properties of tissue.35, 82 The precise control of applied probe pressure during 
spectroscopic measurements is particularly hard in clinical scenario and may induce 
variations in the tissue spectral profiles. The pressure induced spectral alterations can 
dilute the diagnostic variations present across the tissue spectra and further lead to 
reduced diagnostic accuracy, raising potential concerns in the use of spectroscopy 
diagnostic modalities for clinical disease diagnosis. . 
In this study, we developed for the first time a novel pressure sensitive piezo-
resistive fiberoptic probe for quantitative monitoring of magnitude of exerted probe-
tissue contact pressure and its effects in real-time during in vivo tissue AF spectroscopic 
measurements. The improvements made by the developed pressure sensitive fiberoptic 
probe over existing systems are: 
i) The high sensitivity (20.6 mV/kPa) and short response time time (<5 µs) of the piezo-
resistive pressure sensor enable precise and accurate pressure measurements.  
ii) The setup be used to monitor probe pressure in real-time and provide instantaneous 
probe pressure feedback to operators during spectral data acquisition.  
iii) The setup can be also used as a dynamic probe pressure control mechanism for 
spectroscopy measurements.  
We further tested the developed pressure sensitive fiber probe coupled AF 
spectroscopy on in vivo skin tissue to identify spectral variations associated with 
physiological changes in skin induced by varied probe pressure. The use of visible-
excited spectroscopy (λex=405nm) holds potential benefits for safe tissue diagnosis such 
as non-carcinogenic and deeper light penetration into tissue compared to ultraviolet 
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excitation. In addition, skin tissue blanches when pressure is applied,32 creating a 
challenging experimental scenario to test our developed novel pressure sensitive 
spectroscopy platform. Moreover, spectroscopic studies on skin have reported that the 
typical pressure used in clinical measurements is ~9 kPa32 and the spectral changes have 
only been observed for the spectra measured under clinically extreme pressure (>55 
kPa).87 Hence, we chose three well-defined reference pressure levels of 10 kPa as LP, 50 
kPa (<55 kPa) as MP and 130 kPa (>55 kPa) as HP in our study. We successfully 
acquired high-quality in vivo skin tissue AF spectra (n=228) from index fingertip (n=113) 
and volar forearm (n=115) within 1 sec at three reference pressure levels. The AF spectra 
(450-650 nm) measured from fingertip and volar forearm (Figure 3.1.4) exhibited notably 
increased intensity for high probe pressure over the range 450-480 nm with substantial 
variations particularly around ~450-470, 518-526, and 540-570 nm (p < 0.0001, one-way 
ANOVA with Bonferroni correction at 5%). The pressure-induced enhancement in skin 
AF may be primarily associated with the increase of epithelial fluorescence (e.g., 
free/bound NADH (λem~460nm), and FADH (λem~520nm)),10, 13, 26 because the 
penetration depth of 405-nm excited laser on skin tissue is ~50-100 µm.111 The pressure-
related accumulation of epithelial fluorophores can most likely be attributed to the 
reduction in metabolic activity caused by local ischemia at the tissue site under 
pressure.29 The blood is also squeezed out of the dermis while compressing the 
underlying tissue, leading to decreased blood absorption and increased AF signals that 
may arise from dermal collagen (λem~460nm).29, 32, 109 The AF changes that occur at 540-
570 nm may correspond to re-absorption of blood oxy/deoxy-hemoglobin and transition 
of oxy-hemoglobin to deoxy-hemoglobin with applied probe pressure onto the tissue.32 
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Additional interesting features such as minor blue-shift of AF emission peak (467 to 464 
nm) due to pressure induced increase in rigidity of chromophore environment112 and 
narrowing of skin AF spectra can also be noted with the increase of probe pressure. 
Although the pressure related changes such as increased AF intensity and narrowing of 
AF can be noticed in both fingertip and volar forearm skin, the effect of probe pressure 
induced spectral variability is site-specific (Figure 3.1.5). For instance, the AF intensity at 
emission peak (I467nm) demonstrates that the MP has high implications on fingertip AF 
spectra (p < 5X10-4) compared to volar forearm (p > 0.05). The multivariate analysis 
based on PLS-DA diagnostic modeling further rendered a correct classification rate of 
56.41% (22/39) and 12.82% (5/39) for discriminating fingertip and volar forearm AF 
spectra measured at MP from those measured at LP and HP (Table 3.1.2), reaffirming the 
site-specific effect of probe-tissue contact pressure. The differences in the concentration 
of absorbers (e.g., hemoglobin and melanin) in fingertip and volar forearm skin may 
contribute to the site-specific effect of probe pressure on in vivo skin AF. For instance, 
high blood content at the fingertip requires less pressure (i.e., MP) to cause changes in 
fingertip AF. In contrast, volar forearm require HP to cause substantial changes in its AF 
due to increased concentration of melanin. The 2D ternary plots shown in Figure 3.1.8 
graphically represent how efficiently spectra acquired at the different pressure levels (i.e. 
L.P, M.P and H.P) can be differentiated by the PLS-DA model. The separation accuracy 
determines the impact/effect of the parameter that is being evaluated statistically (i.e. 
probe pressure in this case) on the specific dataset (i.e acquired AF spectra in this case). It 
implies that if the separation accuracy is high, the effect of probe pressure on the acquired 
spectral data is also high which signifies that variations in the probe-tissue contact 
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pressure causes prominent distortions in the measured spectral data.  Figure 3.1.8 shows 
that there is fairly good separation between LP vs. HP compared to LP vs. MP or MP vs. 
HP which indicates that the AF spectra acquired at LP and HP are quite different from 
each other. The AF spectra of fingertip and volar forearm measured under LP can further 
be accurately discriminated with a rate of 70.59% (24/34) and 86.11% (31/36), 
respectively, from the spectra acquired with MP and HP, demonstrating that the native 
skin tissue AF changes significantly with high probe pressure. Thus the developed 
pressure sensitive spectroscopy platform can mitigate the probe pressure induced spectral 
variability by assisting the user with real-time, quantitative feedback of applied probe 
pressure and its effects during in vivo AF spectroscopy measurements. The automated 
probe handling feedback to clinicians further ensures the contact between the probe and 
tissue, as well as application of constant LP during spectral acquisition, enabling 
objective disease diagnosis by preserving only the diagnostically relevant variations. 
Furthermore, the pressure sensitive spectroscopy platform can easily be adapted to other 
in vivo tissue optical spectroscopic modalities (e.g., diffuse reflectance, Raman 
spectroscopy), particularly appealing for challenging endoscopic applications in clinical 
settings. However, this work warrants further investigation with a large number of 
volunteers in each pressure category with biological dimension of skin color (i.e., various 
level of pigmentation) to evaluate the true clinical merit of pressure sensitive skin AF 
spectroscopy. We hope that by incorporating the probe pressure induced spectral 
variations in the diagnostic models, the diagnostic efficacy of spectroscopy techniques 




In summary, we report for the first time on the development of a novel pressure 
sensitive piezo-resistive fiberoptic probe for biomedical diagnostic spectroscopy platform 
to quantitatively monitor in vivo probe-tissue contact pressure and its effects in real-time 
(<1 sec). The successful utilization of the developed probe for characterizing probe 
pressure induced changes on in vivo skin AF has been demonstrated. The results showed 
that the probe pressure effect on in vivo skin AF is significant and site-specific and the 
integration of pressure sensitive piezo-resistive fiberoptic probe with the rapid 
spectroscopy diagnostic technique can greatly reduce the spectral changes associated with 
probe pressure variability, opening a new pathway for improving real-time in vivo tissue 
diagnosis. 
3.2 Probe- tissue contact pressure effects on in vivo near infrared 
autofluorescence spectroscopy 
The aim of this study is to investigate in real-time the biochemical changes 
associated with probe tissue contact pressure variations during near infrared (NIR) skin 
tissue autofluorescence (AF) spectroscopy. An in vivo pressure sensitive spectroscopy 
platform that includes a novel custom-designed pressure sensitive confocal fiber-optic 
probe was utilized to exert real-time dynamic control of external probe contact pressure 
during spectral data acquisition. The probe pressure induced NIR  AF spectral response of 
20 subjects were acquired from three measurement sites on the skin (i.e. index fingertip, 
palm and volar forearm) and studied  at three reference pressure levels (i.e., low pressure 
(LP - 10 kPa), medium pressure (MP - 50 kPa) and high pressure (HP - 130 kPa)). The 
mean AF signal intensity progressively increased with the magnitude of applied probe 
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pressure for all measurement sites. Although clear differences in NIR AF was observed at 
different pressure levels; one-way ANOVA statistical analysis with Bonferroni correction 
at 5% yielded insignificant p-values (p>0.05) for the entire spectral range. However, 
multiclass partial least squares (PLS)-discriminant analysis (DA) modelling could 
accurately discriminate ~ 50 - 65%  of AF spectra acquired under LP vs. MP and HP; 
suggesting that increased probe pressures (i.e. MP or HP) affected NIR AF to a certain 
extent. These NIR AF variations can be mitigated if the applied probe pressure is 
maintained at LP which substantiates the need for real-time, quantitative monitoring of 
probe-tissue contact pressure during in vivo NIR AF measurements.     
3.2.1 Introduction 
 NIR AF spectroscopy is an effective tool for various biomedical applications as it 
is used to study the optical window in biological tissues where the scattering of light is 
the dominant phenomenon. This is because the absorption of light is considerably weak 
in the optical window which facilitates the deeper penetration of light. Additionally, NIR 
light has the advantage of being non-carcinogenic compared to ultraviolet (UV) light and 
is considered more safe in therapeutic and diagnostic applications. Studies have shown 
that NIR AF spectroscopy provides useful, complementary information in tissue 
characterization and disease diagnosis8, 67, 102 and makes use of a fiber-optic probe that is 
in contact with the target tissue site during spectral data acquisition.31, 32, 35-37, 82 Ensuring 
probe-tissue contact is essential in order to reduce interferences due to refractive index 
mismatch, specular reflection, to increase light penetration and transmittance and to avoid 
inconsistent illumination-detection geometry during spectral acquisition which results in 
the enhancement of the diagnostic capability of the system.29, 35, 36 Therefore, a certain 
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amount of probe pressure is applied onto the measurement site when spectral data is 
collected. The applied probe pressure is a confounding, user-dependent (i.e., operator-
dependent) parameter that can potentially alter the optical properties of biological 
tissues.29, 36 In addition, increase in probe pressure causes tissue compression which leads 
to the following effects: decreased thickness, reduced blood volume and oxygen 
saturation, vasodilation, microcirculation impairment, densely packed scatterers and 
occlusion under the probe tip and these effects may introduce pressure induced 
distortions in the acquired spectra.30 Improper control of exerted probe pressure may lead 
to potential concerns such as changes in tissue spectral profiles, disparities in data 
collection and calibration and potential inaccuracies in diagnosis.32-34 Hence, it is 
necessary to control the applied probe pressure carefully by establishing a dynamic probe 
pressure control mechanism for real-time, quantitative monitoring of exerted probe 
pressure to mitigate the pressure induced spectral variability on NIR AF spectral profiles. 
 A few studies have been carried out to evaluate the effects of probe-tissue contact 
pressure on UV/visible AF spectra.29, 32, 84, 85 However, the effects of probe pressure on 
NIR AF have not been studied so far. Moreover, the existing studies on probe pressure 
have been limited to  static pressure measurements utilizing a pre-calibrated spring 
loaded device, or making use of the extent of tissue compression (in mm) as a criterion 
for applying a particular pressure or operator-dependent arbitrary probe pressures. The 
dynamic changes in applied probe pressure that occur due to differences in deformability 
of various measurement sites on skin tissue, inter-subject variations in the extent of tissue 
compression (in mm) and orientation of the probe are important sources of variation in 
the exerted probe pressure that have not been analyzed sufficiently. Hence, in this study, 
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we highlight the significance of real-time, quantitative monitoring of dynamic changes in 
the applied probe pressure by providing dynamic real-time probe pressure control during 
spectral measurements. We successfully utilized the custom-designed pressure sensitive 
fiber-optic probe to quantitatively monitor the dynamic pressure induced variations in 
real-time on in vivo human skin DR spectroscopy. Three measurement sites (i.e., 
fingertip, volar forearm and palm) on the skin tissue were chosen specifically because 
skin tissue acts as a highly scattering medium in visible to near-infrared region, 
representing one of the most challenging organs with complex and inhomogeneous 
morphological structures. Multivariate statistical models (PLS-DA) were used for in-
depth analysis of the spectral information acquired at various pressure levels. 
3.2.2 Materials and Methods 
3.2.2.1 Pressure sensitive NIR AF spectroscopy platform 
The pressure sensitive in vivo spectroscopy platform utilized for real-time, 
quantitative monitoring of probe-tissue contact pressure has been reported in detail 
elsewhere (refer chapter 3.1.2.1 Pressure sensitive UV/visible AF spectroscopy platform). 
A spectrum stabilized 785-nm diode laser (maximum output:  300 mW, B&W TEK Inc., 
Newark, Delaware) and appropriate filters replaced the laser and filters in the 
aforementioned system (refer chapter 3.1.2.1 Pressure sensitive UV/visible AF 
spectroscopy platform) to perform NIR AF spectroscopy.  A custom designed hand-held 
confocal Raman probe with an NIR-coated sapphire ball lens (5 mm in diameter, 
refractive index n= 1.77) mounted on the probe tip. The confocal probe is specially 
designed to collect signals particularly from the epithelial layer (< 300 Um). The acquired 
spectra were over the range of 8001800 cm-1 with a spectral resolution of 9 cm-1. Each 
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spectrum in this study was measured with an integration time of 1 sec under the 785 nm 
laser excitation. 
3.2.2.2 Subjects 
The in vivo NIR AF spectra were acquired from index fingertip, palm and volar 
forearm of 20 healthy subjects using the pre-calibrated piezo-resistive pressure sensor 
coupled confocal fiber-optic probe. The subjects who were recruited had no previous 
history of skin cancer and a total of 1436 high-quality in vivo tissue AF spectra were 
subsequently measured from fingertip (n=481), palm (n=485) and volar forearm (n=470) 
at three reference pressure levels (i.e., low pressure (LP) -10 kPa, moderate pressure 
(MP) – 50 kPa and high pressure (HP) – 130 kPa).  Probe pressure variations due to 
orientation of the probe and movement of target tissue site were avoided by fixing the 
target tissue perpendicular to the probe tip during spectral data acquisition. Different 
probe pressures (LP, MP and HP) applied on to the target tissue site were displayed 
instantaneously in the developed real-time Raman diagnostic platform during 
spectroscopic measurements.38 Spectral data can be acquired at constant probe pressures 
by making use of the real-time instantaneous probe pressure display during spectral data 
acquisition. 
 
3.2.2.3 Data processing and multivariate statistical analysis 
The acquired raw spectrum is a composite signal that was a combination of 
Raman signals, intense AF and noise. The noise was suppressed by the use of first-order 
Savitsky–Golay smoothing filter (window width of 5 pixels). A fifth-order polynomial 
fitting was found to be optimal for extracting the autofluorescence signal from the raw 
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spectrum. The extracted AF datasets from the fingertip, palm and volar forearm were 
subjected to multi-class probabilistic PLS-DA for differentiation among spectra acquired 
at different pressure levels (refer chapter 3.1.2.4 multivariate statistical analysis).     
3.2.3 Results 
Figure 3.2.1 shows the mean in vivo NIR AF spectra ±1 standard error (SE) 
acquired from skin tissue (index fingertip (n=481), palm (n=485), and volar forearm 
(n=470)) of 20 healthy volunteers at various pressure levels of ~10 kPa (LP), 50 kPa 
(MP) and 130 kPa (HP). The mean AF spectra of the three measurement sites (i.e., 
fingertip, palm and volar forearm) had higher signal intensities with progressive increase 
in applied probe-tissue contact pressure. The NIR AF signals also showed a uniform, 
average spectral variation of ~ 10% at each pressure level for the entire spectral range. 
The mean AF intensity was found to be the strongest when high probe pressure (i.e., HP – 
130 kPa) was applied on to the tissue. 















































































Figure 3.2.1 The mean in vivo NIR AF spectra  1 standard error (SE) measured from (a) fingertip 
(n=481) (b) palm (n=485) and (c) volar forearm (n=470) skin of 20 healthy volunteers at LP (10 kPa), 
MP (50 kPa) and HP (130 kPa). (LP, low pressure; MP, medium pressure; HP, high pressure). [The 




The MP (50 kPa) level caused an AF signal increase of 10.63%, 9.67% and 1.34% 
while the HP (130 kPa) level caused an increase of 25.43%, 13.88% and 9.21% for the 
fingertip, palm and volar forearm spectra respectively; suggesting that the extent of AF 
signal variation is dependent on the skin tissue type. The differences in spectral signal 
intensities also indicate that variations in the exerted probe pressure affect the acquired 
AF spectra to a certain extent. These results demonstrate that the probe pressure is an 
important parameter that warrants careful monitoring in order to avoid pressure induced 
variations in the acquired spectra. However, statistical analysis (i.e. one-way ANOVA 
with Bonferroni correction at 5%) of the AF spectra yielded insignificant p-values (i.e. 
p>0.05) for the entire AF spectral range.  
Multivariate statistical analysis (i.e., PLS-DA) was performed on the fingertip, 
palm and forearm spectral datasets to further explore spectral changes associated with 
operator-induced probe pressure variability. Outlier analysis based on PCA coupled with 
Hotelling’s T2 and Q-residual statistics was further utilized to remove the spectra with 
unusual variations (e.g., light interference).38 After spectral quality verification, PLS-DA 
together with leave-one patient-out, cross validation, was employed to realize in vivo 
discrimination of AF spectra acquired at the different reference pressure levels. The 
optimum number of components (i.e. latent variables- LVs) that were included in the 
analysis was determined from the cross validation (CV) classification error plot which is 
shown in Figure 3.2.2.  
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Figure 3.2.2 The number of latent variables (LVs) vs. cross-validation error for identifying optimum 
number of LVs to be utilized for developing PLS-DA diagnostic models for differentiating spectra 
acquired at different reference pressure levels (LP ~10 kPa, MP ~50 kPa and HP ~130 kPa). 
 
The optimum number of components was found to be 2 LV (LV1 - 99.72%; LV2 - 
0.27%) for fingertip, 3 LVs (LV1 - 99.73%; LV2 - 0.19%; LV3 – 0.08%) for palm and 3 
LVs (LV1 – 99.98%; LV2 – 0.11%; LV3 – 0.01%) for volar forearm dataset, representing 
the variations in the AF spectral profiles which may be due to the changes in 
concentrations of the endogenous fluorophores with increase in applied probe pressure. 
The first latent variable (LV1) which closely resembles the AF signals in the fingerprint 
region (800 – 1800 cm-1); contribute to the greatest variations in the AF signal (i.e., 
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Figure 3.2.3 The diagnostically significant latent variables (LVs) calculated from the NIR AF spectra 
of (a) fingertip, (b) palm, and (c) volar forearm measured at three different probe pressure levels (LP 
~10 kPa, MP ~50 kPa and HP ~130 kPa). 
 
Table 3.2.1 Classiﬁcation results for discriminating in vivo skin (fingertip, palm and volar forearm) 
NIR AF spectra measured at low-pressure, medium pressure and high pressure using PLS-DA 
algorithms, together with the leave-one patient-out, cross-validation method. [The diagonals are 
correct predictions while the off diagonals are the false predictions]. 
 AF prediction 
 Fingertip Palm Volar forearm 
 LP MP HP LP MP HP LP MP HP 
LP 88 54 54 102 21 41 87 53 46 
MP 25      37 25 20 59 43 48 60 56 
HP 54 2 82 42 77 80 27 40 53 
Correct classification 
rate (%) 
52.69 24.18 50.93 62.19 35.97 50.95 53.70 39.21 34.19 
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Figure 3.2.4 Two-dimensional ternary plot of calculated posterior probabilities belonging to in vivo 
(a) fingertip, (b) palm, and (c) volar forearm NIR AF spectra measured under low pressure (LP ~10 
kPa), medium pressure (MP ~50 kPa), and high pressure (HP ~130 kPa) using PLS-DA models 
together with leave-one patient-out, cross validation 
 
The generated PLS-DA models from the AF spectra of fingertip, palm and 
forearm provided correct classification rate of 52.69%, 62.19% and 53.70% for 
separating LP spectra from MP + HP; accuracies of 21.18%, 35.97% and 50.95% for 
differentiating MP spectra from LP + HP and accuracies of 50.93%, 50.95% and 34.19% 
for differentiating HP spectra from LP + MP respectively (Table 3.2.1). These 
classification results were plotted in a 2-D ternary scatter plot shown in Figure 3.2.4 for 
visualization of the classification results. From the results, it can be observed that the 
applied probe pressures produces notable variations (~50-60% discrimination between LP 
vs. MP + HP) in the AF spectroscopic properties of skin tissue. The observed probe 
pressure variations on skin tissue AF spectra can be minimized by applying short-term 
(< 1sec) constant LP against the tissue which can be achieved by real-time quantitative 
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monitoring of probe-tissue contact pressure using the developed pressure sensitive probe. 
This enhances the capability of NIR AF spectroscopy platform in disease diagnosis by 
providing probe pressure feedback to operators during spectral data acquisition; enabling 
the operators to perform spectroscopic measurements at constant pressure levels. 
3.2.4 Discussion 
 NIR AF spectroscopy makes use of the therapeutic optical window to study the 
optical properties of biological tissues. NIR excited spectroscopy has been extensively 
utilized in a variety of biomedical applications as it is non-carcinogenic and considered 
safe.22, 25, 67, 99, 113-115. Moreover, it holds other potential benefits such as being relatively 
insensitive to tissue water content compared to ultraviolet (UV)-visible-excited 
spectroscopy and also provides complementary information for in vivo disease 
diagnosis.8, 102, 116 Therefore, NIR AF has a great potential to be an effective tool for 
tissue characterization and disease diagnosis. However, operator-dependent factors like 
probe-tissue contact pressure must be carefully monitored to prevent pressure induced 
distortions from affecting the acquired NIR AF spectral data. It has been reported that the 
probe handling variations (e.g., probe pressure) is one of the major sources of spectral 
variations in spectroscopy modalities including fluorescence, diffuse reflectance and 
Raman spectroscopy.33, 36, 82, 117 Hence, the effect of probe handling variations on in vivo 
fiber-optic optical spectroscopy is always a point of contention in biomedical community, 
which hasn’t been studied in detail till now. In this study, real-time monitoring of the 
probe pressure is accomplished by establishing a dynamic probe pressure control using a 
custom-designed pressure sensitive fiber-optic confocal probe. Pressure induced spectral 
variability was studied over a wide range of pressure values (10 – 130 kPa).  The range of 
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pressure levels were LP – 10 kPa (i.e., typical clinical pressure - ~9 Pa), MP - 50 kPa 
(i.e., slightly less than clinical extreme pressure - 55 kPa87) and HP – 130 KPa (i.e., far 
higher than clinical extreme pressure). 1436 high quality in vivo NIR AF spectra were 
acquired from three measurement sites of human skin (i.e., index fingertip (n=481), palm 
(n=485) and volar forearm (n=470)) with an integration time of 1 second from 20 healthy 
subjects who volunteered to take part in the spectroscopic experiment.   
 The mean NIR AF spectra (Figure 3.2.1) showed notable AF signal intensity 
variation with increase in exerted probe pressure. The strongest AF signal was observed 
when HP (i.e., 130 kPa) was applied on the tissue. This may be due to the increase in 
concentration of endogenous fluorophores when tissues are subjected to compression due 
to the exerted probe pressure.31, 32, 56 Although specific endogenous fluorophores that 
have fluorescence emission peaks in the NIR range have not been identified; studies have 
reported that tissue spectra measured at 785 or 830 nm excitation display residual 
broadband signal that is believed to be fluorescence background.113 This residual 
fluorescence background that is observed in the NIR range has been reported to be due to 
fluorophores such as porphyrins and melanin.118-121 It can also be observed that the extent 
of AF signal variation with applied probe pressure is different for the three measurement 
sites (i.e., fingertip, palm and volar forearm); suggesting that the AF signal variance is 
dependent on the skin tissue type. Additionally, MP level causes an AF signal increase of 
1.34% (i.e., considerably less compared to fingertip - 10.63 %  and palm - 9.67%) in 
volar forearm which may due to the increased concentration of melanin (i.e., a strong 
fluorescence absorber) in volar forearm compared to fingertip and palm.122 The 
absorption spectra of melanin shows that there is strong absorption in the spectral range 
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between 800- 850 nm which may be responsible for the slight difference in the mean NIR 
AF spectral shape of volar forearm.123 Therefore, the concentrations of endogenous 
fluorophores affect the NIR AF spectral data to a certain extent. 
 Further analysis of the pressure-induced variations in NIR AF spectra was 
performed by generating multiclass PLS-DA models for the fingertip, palm and volar 
forearm datasets. From Figure 3.2.4, it can be seen that the spectra belonging to different 
pressure levels are clustered together; indicating that the classification algorithm could 
not efficiently discriminate the spectra belonging to the different pressure levels due to 
the statistical insignificance of the AF spectra (p > 0.05). The generated PLS-DA models 
for fingertip, palm and volar forearm dataset provided correct classification rate of 
52.69%, 62.19% and 53.70% respectively, for classifying the spectra obtained at LP 
resembling the natural skin AF   from MP + HP. The spectra obtained at HP can be 
separated from LP + MP with correct classification rate of 50.93%, 50.95% and 34.19%.  
The classification results show that the native tissue AF (i.e. AF spectra acquired at LP) 
differed substantially (~50-60 % discrimination for LP vs. MP + HP) from compressed 
tissue AF (i.e. AF spectra acquired at MP or HP) demonstrating that MP (~50kPa) that is 
proximate to the clinically extreme pressure (>55 kPa) and HP (~130 kPa) influences the 
skin NIR AF properties to an extent. Although clear differences in mean AF intensity can 
be observed in Figure 3 at different pressure levels; these differences when statistically 
analysed (i.e. one-way ANOVA with Bonferroni correction at 5%) were found to be 
insignificant. The obtained p-values were not significant (i.e. p > 0.5) for the measured 
spectral range. Hence the poor accuracy in classification. We also obtained similar trend 
with applied probe pressure for the NIR AF spectra acquired from fingertip, palm and 
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forearm under LP, MP and HP using the volume probe (probing depth of ~800 um)117 
(unpublished data), substantiating the real-time monitoring of quantitative probe pressure 
during NIR AF spectral measurements particularly during clinical applications. Thus the 
developed pressure sensitive spectroscopy platform enables quantitative assessment of 
probe-tissue contact pressure in real-time during in vivo spectroscopy measurements and 
can be used to mitigate the probe pressure induced spectral variability during in vivo NIR 
AF spectroscopy. Furthermore, the real-time feedback of applied pressure can guide the 
operator/clinician to precisely maintain the magnitude of probe pressure, eliminating the 
possibility of observed site-specific changes associated with probe pressure variability 
during NIR AF spectral measurements. This automated probe handling (i.e., real-time 
probe pressure feedback) may further enable effective clinical decision making using in 
vivo NIR AF spectroscopy even in the hands of inexperienced clinicians.  
3.2.5 Conclusion 
In conclusion, for the first time, the effects of exerted probe pressure on in vivo 
NIR AF spectroscopy were thoroughly studied in real-time by the dynamic control of 
external probe pressure using the pressure sensitive NIR AF spectroscopic platform.  The 
results showed that higher probe pressures (i.e. MP or HP) affected NIR AF to a certain 
extent. These variations can be mitigated by pressure sensitive fiber-optic NIR AF 
spectroscopy that could provide instantaneous probe pressure feedback to operators and 






Chapter 4. Real-time monitoring of probe-tissue contact 
pressure effects on in vivo Raman spectroscopy 
The aim of this study is to evaluate the real-time effects of probe pressure induced 
spectral variations during in vivo skin tissue confocal Raman spectroscopy by the 
dynamic quantitative monitoring of the applied probe-tissue contact pressure. High-
quality in vivo Raman spectra were measured from fingertip, palm and volar forearm skin 
sites of 20 volunteers at three different pressure levels (i.e., low pressure (LP - 10 kPa), 
medium pressure (MP - 50 kPa) and high pressure (HP - 130 kPa)) using a dynamic 
pressure-sensitive fiberoptic probe. The Raman spectral signatures of fingertip showed 
subtle variations (p < 0.05) only when HP was applied. However, spectral data acquired 
from the palm showed subtle changes (p < 0.05) at both MP and HP levels around various 
protein Raman bands (i.e., ~1244-1247, 1275-1295, 1335-1360, 1400-1420, 1617-1630 
and 1650-1680 cm-1). In contrast, the spectra measured from volar forearm exhibited no 
significant variations at the various reference pressures (p > 0.05), revealing that the 
probe pressure effect is site-specific. Partial least squares (PLS)-discriminant analysis 
(DA) could accurately discriminate ~ 45 – 55% of Raman spectra acquired under LP vs. 
MP and HP; demonstrating that the higher probe pressures (i.e. MP or HP) caused some 
trivial changes to in vivo skin Raman spectral profiles. These observed small spectral 
changes caused by probe handling variations can be eliminated if probe pressure is 
maintained at LP. As the probe pressure is arduous to control especially during clinical 
endoscopy procedures, pressure sensitive Raman spectroscopy that incorporates real-
time, quantitative, monitoring of probe-tissue contact pressure can be used to control the 




Raman spectroscopy is a unique analytical technique that has opened a new line 
of approach for fighting against cancer based on early detection at the biomolecular level 
in vivo. With the technical hallmarks of today’s Raman instruments such as near-infrared 
(NIR) diode lasers, NIR-enhanced deep-depletion charge-coupled device (CCD) detectors 
and miniaturized fiber-optic Raman probes, the point-wise fiber-optic Raman 
spectroscopy has recently been emerged as a promising non-invasive, in vivo diagnostic 
tool in the field of cancer diagnostic medicine.22, 23, 47, 86 The use of fiber-optic probes 
permits non-invasive access to remote internal organs and gently placed against target 
tissue during in vivo Raman measurements to eliminate specular reflection and reduce 
refractive index mismatch.29 The contact between probe and tissue further increases light 
penetration into living tissue, enhancing the diagnostic capability of the spectroscopy 
modalities. This probe-tissue contact creates a light pressure on underlying tissue, 
however, preserving the light pressure constantly on target tissue throughout the 
spectroscopic measurements is extremely difficult, particularly during challenging 
clinical endoscopic applications. The change in the magnitude of probe pressure may 
induce variations on fiber-based in vivo tissue spectroscopic measurements due to 
pressure-induced alterations in tissue optical properties and lead to possible inaccuracies 
in diagnosis.31-33  
The effects of probe pressure on diverse spectroscopy modalities such as 
fluorescence and diffuse reflectance spectroscopy have already been well documented.29, 
32, 82, 84 Very recent work from our group has also reported for the first time on the 
development of a novel pressure sensitive fiber-optic probe for real-time,  quantitative 
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monitoring of probe-tissue contact pressure and its effect on in vivo skin fluorescence 
(refer chapter 3). Recently, most of the studies based on optical-diagnostics of diseases 
have been directed towards Raman spectral diagnostics that can provide extensive 
information about the changes of biochemical/biomolecular structures and conformations 
in tissue for molecular discrimination of cancer and precancer.23, 38, 86, 124-127 In spite of the 
great potential of fiber-optic Raman spectroscopy for in vivo disease diagnosis, the probe 
pressure effects on in vivo tissue Raman spectra have been studied the least.86, 87 For 
instance, the in vivo Raman spectra measured from gastrointestinal tissue (i.e., esophagus, 
colon) at different pressures controlled manually by an endoscopist exhibited 
insignificant changes.86 On the other hand, the differences across skin tissue Raman 
spectra measured under extreme pressure (>  55kPa) was found to be significant 
compared to different arbitrary probe pressures (i.e., user-dependent- low, medium or 
high pressures).87 In this study, for the first time, we quantitatively monitor the exact 
probe pressure applied onto in vivo skin tissue (i.e., fingertip, palm and volar forearm) 
and its effect in real-time during Raman spectroscopic measurements. Multivariate 
analysis including partial least squares (PLS)-discriminant analysis (DA) together with 
leave-one patient-out, cross-validation was performed on in vivo skin Raman spectra to 
actualize the probe handling variations (i.e., probe pressure-induced spectral variability). 
4.1.2 Materials and Methods 
4.1.2.1 Pressure sensitive Raman spectroscopy platform 
The pressure sensitive in vivo tissue Raman spectroscopy platform utilized for 
real-time, quantitative monitoring of probe-tissue contact pressure has been reported in 
detail elsewhere (refer chapter 3.1.2.1 pressure sensitive UV/visible AF spectroscopy 
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platform).100, 117 A spectrum stabilized 785-nm diode laser (maximum output:  300 mW, 
B&W TEK Inc., Newark, Delaware) and appropriate filters replaced the laser and filters 
in the aforementioned system (refer chapter 3.1.2.1 Pressure sensitive UV/visible AF 
spectroscopy platform) and is coupled to a custom designed hand-held confocal Raman 
probe with an NIR-coated sapphire ball lens (5 mm in diameter, refractive index n = 1.77) 
mounted on the probe tip. The confocal Raman probe comprises of two single fibers 
(200 μm diameter each, NA = 0.22), one for laser light delivery, and another for signal 
collection and high-index miniaturized ball lens at probe tip, enabling selective 
interrogation and scattered tissue Raman photons collection from epithelial layer (< 300 
m). The probe was integrated with optical filtering modules for suppressing laser noise, 
Rayleigh scattered light, while allowing only the frequency-shifted tissue Raman signal 
to pass towards the spectrograph. A customized piezo-resistive pressure sensor is coupled 
to the hand-held fiber-optic probe tip to facilitate real-time, quantitative monitoring of 
applied probe-tissue contact pressure during in vivo Raman measurements (refer chapter 
3.1.2.1 pressure sensitive UV/visible AF spectroscopy platform). The system acquires in 
vivo skin tissue Raman spectra over the range 800-1800 cm-1 with an acquisition time of 
1 sec and a spectral resolution of 9 cm-1. 
4.1.2.2 Volunteer profile 
The volunteer profile is explained in detail elsewhere (refer chapter 3.2.2.2 
subjects). 
4.1.2.3 Multiclass diagnostics 
The in-house developed GUI triggers data acquisition and analysis including laser 
power control, spectrometer, CCD shutter and camera readout synchronization, CCD 
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dark-noise subtraction, probe background subtraction, outlier detection, wavelength 
calibration, system spectral response calibration, autofluorescence subtraction, 
normalization, and real-time display of in vivo skin tissue Raman spectra together with 
the magnitude of applied probe-tissue contact pressure.38 Multi-class probabilistic PLS-
DA was further performed on the dataset to realize in vivo discrimination among skin 
tissue spectra acquired at different pressure levels (refer chapter 3.1.2.4 multivariate 
statistical analysis).  
4.1.3 Results 
 Figure 4.1 shows the mean in vivo Raman spectra ±1 standard deviation (SD) 
acquired from skin tissue (i.e., (a) index fingertip (n=481), (c) palm (n=485), and (e) 
volar forearm (n=470)) of 20 healthy volunteers at various pressure levels of ~10 kPa 
(LP), 50 kPa (MP) and 130 kPa (HP). The mean difference spectra (i.e. HP-LP, HP-MP 
and MP-LP) of fingertip (b), palm (d) and volar forearm (f) are also plotted in Figure 4.1. 
The Raman spectra of skin tissue show prominent Raman peaks at 858 and 938 cm-1 
(υ(C-C) of proteins), 1005 cm-1 (υ(C-C) of symmetric ring breathing of phenylalanine), 
1070 cm-1 (υ(C-C) of lipids), 1255 cm-1 (amide III υ(C-N) and δ(N-H) of proteins), 1323 
cm-1 (CH3CH2 twisting of proteins), 1457 cm-1 (δ(CH2) of proteins and lipids) and 1661 
cm-1 (amide I υ(C=O) of proteins).45, 128 Additionally, subtle Raman spectral variations 
(i.e. p<005, one-way ANOVA with Bonferroni correction at 5%) in the difference spectra 
(see Figure 4.1 (b), (d) and (f)) were observed only at certain Raman peaks (i.e.  1255 cm-
1, 1323 cm-1 , 1457 cm-1   and 1661 cm-1 ).  The Raman spectra acquired on various sites 
of skin tissue (i.e., finger, palm and volar forearm) indicated differences in spectral 
properties associated with variability in applied probe pressure (Figure 4.1(b), 4.1(d), and 
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4.1(f)). For instance, Raman spectra acquired from fingertip expressed subtle changes 
only for HP ((p < 0.005, one-way ANOVA with Bonferroni correction at 5%). Palm 
showed subtle changes (p < 0.05, one-way ANOVA with Bonferroni correction at 5%) 
with probe exerted pressure (i.e., MP and HP) around the major Raman peaks particularly 
related to proteins ~1244-1247, 1275-1295, 1335-1360, 1400-1420, 1617-1630 and 1650-
1680 cm-1. In contrast, the spectral changes associated with probe pressure variability 
were found to be negligible (p > 0.05) for volar forearm. The above pressure-related 
changes observed in Raman active components of skin tissue reveals that the probe 
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Figure 4.1 The mean in vivo Raman spectra  1 standard deviation (SD) measured from (a) fingertip 
(n=481) (c) palm (n=485) and (e) volar forearm (n=470) skin of 20 healthy volunteers at LP (10 kPa), 
MP (50 kPa) and HP (130 kPa). (LP, low pressure; MP, medium pressure; HP, The mean difference 
spectra for fingertip (b), palm (d) and volar forearm (f) show ~2-3 % variation for most Raman peaks 
while a maximum variation of ~5-6 % was observed for Raman peaks at  1457 cm-1 and 1661 cm-1 
[The Standard Deviation appears as a coloured shade.  Also, the Raman spectra acquired at different 




Multivariate PLS-DA models were further generated from fingertip, palm and 
forearm spectral dataset to further explore these site-specific spectral changes associated 
with operator-induced probe pressure variability. The measured Raman spectra were first 
mean-centered and spectrum quality was assured with outlier analysis (i.e., principal 
component analysis (PCA) coupled with Hotelling’s T2 and Q-residual statistics), where 
Hotelling’s T2 represents the major variations in the data and Q-residuals represents the 
random noise or variations that are not present in the dataset (e.g., new variations).38 
Thereby, the spectra with unusual variations (e.g., light interference) were successfully 
removed from the spectral database of three skin tissue sites. The PLS-DA multi-class 
models together with leave-one patient-out, cross-validation were further developed for 
fingertip, palm and volar forearm dataset using optimum number of components. The 
optimum number of components was found to be 1 LV (14.23%) for fingertip, 5 LVs 
(LV1 - 25.60%; LV2 - 13.64%; LV3 – 3.25%; LV4 – 3.93%; LV5 – 2.52%) for palm and 
2 LVs (LV1 – 25.13%; LV2 – 7.43%) for volar forearm dataset (Figure 4.2), representing 
the variations around Raman peaks (~853, 936, 1004, 1012, 1260, 1313, 1345, 1451, 
1468, 1618, 1642, 1656, and 1665 cm-1) corresponding to major skin tissue Raman-active 
biomolecules (Figure 4.3). The generated PLS-DA models from the Raman spectra of 
fingertip, palm and forearm correctly classified 55.09%, 45.73% and 51.23%, 
respectively, for separating LP spectra from MP + HP; correct classification rate of 
75.78%, 57.32% and 5.81% for differentiating HP spectra from LP + MP, respectively (2-
D ternary scatter plot, see Figure 4.4, Table 4.1). 
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Figure 4.2 The number of latent variables (LVs) vs. cross-validation error for identifying optimum 
number of LVs to be utilized for developing PLS-DA diagnostic models for differentiating spectra 

































































































































































Figure 4.3 The diagnostically significant latent variables (LVs) calculated from the Raman spectra of 
(a) fingertip, (b) palm, and (c) volar forearm measured at three different probe pressure levels (LP ~10 





  From the results, it can be noted that the applied probe pressures cause slight 
variations in the Raman spectroscopic properties of skin tissue. The observed small probe 
pressure variations on skin tissue Raman spectra can further be eliminated by applying 
short-term (< 1sec) LP against the tissue through monitoring the probe-tissue contact 
pressure in real-time using the developed pressure sensitive Raman probe, moving the 
capability of novel pressure sensitive Raman spectroscopy one step forward in disease 
diagnosis by preserving only the diagnostically relevant variations. 














































































































































































Figure 4.4 Two-dimensional ternary plot of calculated posterior probabilities belonging to in vivo 
(a) fingertip, (b) palm, and (c) volar forearm Raman spectra measured under low pressure (LP ~10 
kPa), medium pressure (MP ~50 kPa), and high pressure (HP ~130 kPa) using PLS-DA models 







Table 4.1 Classiﬁcation results for discriminating in vivo skin (fingertip, palm and volar forearm) 
Raman spectra measured at low-pressure, medium pressure and high pressure using PLS-DA 
algorithms, together with the leave-one patient-out, cross-validation method. [The diagonals are 
correct predictions while the off diagonals are the false predictions]. 
 
4.1.4 Discussion 
Raman spectroscopy is a vibrational spectroscopic technique that can noninvasively 
capture speciﬁc biomolecular information for tissue diagnosis and characterization in its 
native state. The difficulty in capturing weak tissue Raman signals, slow spectral 
acquisition speed (>1 sec) and manufacturing of miniaturized fiber-optic Raman probes 
to access remote internal organs presented great challenges in pushing Raman 
spectroscopy for non-invasive, in vivo disease diagnosis. The very recent advancements 
in modern Raman instrumentation have opened a new frontier in Raman spectroscopic 
diagnosis of early cancer screening in vivo in real-time (<1sec). Accumulating evidences 
reported signify the potential of Raman spectroscopy for non-invasive diagnosis of 
cancer and precancer in vivo in internal organs.23, 38, 124, 125, 127 However, it has been 
 Raman prediction 
 Fingertip Palm Volar forearm 
 LP MP HP LP MP HP LP MP HP 
LP 92 0 75 75 34 55 83 73 6 
MP 56 0 97 34 57 73 45 96 12 
HP 37 2 122 30 37 90 53 93 9 
Correct classification 
rate (%) 
55.09 0.00 75.78 45.73 34.76 57.32 51.23 62.75 5.81 
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reported that the probe handling variations (e.g., probe pressure) is one of the major 
sources of spectral variations in spectroscopy modalities including fluorescence, diffuse 
reflectance, especially for biomedical applications due to difficulty in accessibility of 
internal organs.29, 32, 82, 84  Hence, the effect of probe handling variations on in vivo fiber-
optic Raman spectroscopy is always a point of question in biomedical community, which 
hasn’t been studied in detail till now. In this work, we quantitatively monitor the probe 
pressure applied on the tissue and its effect in real-time during in vivo Raman 
spectroscopic measurements. Moreover, NIR-excited spectroscopy holds potential 
benefits for safe tissue diagnosis, such as non-carcinogenic and relatively insensitive to 
tissue water content compared to ultraviolet (UV)-visible-excited spectroscopy. In this 
study, we utilize the typical pressure used in clinical procedures (~9 kPa) as LP; pressure 
lower than the clinically extreme pressure (55 kPa)87 as MP (50 kPa); and 130 kPa as HP, 
which is far higher than the clinically extreme pressure (55 kPa). As a result, we 
successfully acquired Raman spectra (n=1436) from index fingertip (n=481), palm 
(n=485) and volar forearm (n=470) in vivo within 1 sec at the defined three reference 
pressure levels.  
The measured Raman spectra showed site-specific changes with applied external 
probe pressure. For instance, the spectra acquired from fingertip showed subtle changes 
on all wavenumbers for HP (p<0.005). However, these spectral changes were 
insignificant for MP. Interestingly, palm showed pressure-associated spectral variations 
for both MP and HP, primarily around the protein Raman bands (i.e., 1244-1247, 1275-
1285, 1335-1360, 1416-1419, 1617-1630, and 1650-1670 cm-1). On the other hand, the 
forearm spectra were not influenced by the probe exerted pressure (p>0.05). The 
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important Raman spectral changes for all the measured three skin sites were noted 
loosely around 1345 (proteins and nucleic acids), 1450 (proteins and lipids), 1627 (amide 
I - β-sheet) and 1650 cm-1 (amide I – α-helix). It has been demonstrated that the pressure 
above 5.5kbar broadens and lowers the frequency of amide I band, mainly related to 
environmental changes around the protein, leading to pressure-induced protein-
precipitation, random organization, unfolding and denaturation.129-131 The pressure-
related increase in the frequency of CH2 bending mode of methylene chain of lipids 
(1450cm-1) is also observed, likely associated with the conformational and orientational 
ordering of methylene chains.130 However, our data do not show any major differences in 
the position of prominent Raman peaks (e.g., amide I, amide III, and CH2 bending mode 
of lipids, see Figure 4.1) because the utilized pressure range is far less compared to the 
pressure required for protein precipitation, unfolding or denaturation (e.g., ~5.5 kbar 
pressure required for inducing denaturation and precipitation in lysozyme).129 The small 
changes noticed in the intensities of the measured skin Raman spectra (i.e., increased 
intensity approximately at 1245 cm-l (amide III), 1345 cm-l (α-helix) and 1637 (amide I - 
β-sheet))129could be because the applied pressure is nearly equal (MP ~50kPa) or 
extremely high (HP ~130kPa) compared to the clinically acceptable extreme pressure 
(~55kPa).87 This exerted probe-tissue contact pressure (i.e., MP and HP) may have 
induced minor structural disruption in the protein secondary structures (α-helix and β-
sheet), especially in the poly-peptide backbone of protein or the hydrogen/deuterium 
(H/D) exchange behaviour in the individual secondary-structure elements under HP, 
resulting in trivial variations in the measured Raman spectra.129, 131 The pressure-related 
changes also occurs in phosphate stretching bands (e.g., nucleic acids ~1345 cm-1), likely 
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be related to characteristic of hydrogen-bonded or non-hydrogen-bonded functional 
groups.129  
The mean difference spectra shown in Figure 4.1 - (b) fingertip, (d) palm and (f) 
forearm were plotted to resolve the subtle inter-pressure (i.e. HP-LP, HP-MP and MP-LP) 
Raman spectral variations.  Subtle Raman spectral variations (i.e. p<005, one-way 
ANOVA with Bonferroni correction at 5%) in the difference spectra were observed only 
at certain Raman peaks (i.e.  1255 cm-1, 1323 cm-1 , 1457 cm-1   and 1661 cm-1 ). 
Moreover, the difference spectra showed an average variation of ~2-3 % for most Raman 
peaks while a maximum variation of ~5-6 % was observed for Raman peaks at  1457 cm-
1 and 1661 cm-1; suggesting that these pressure induced subtle Raman spectral variations 
were minimal.  
To further differentiate and provide deep insight into these subtle probe pressure-
induced changes on in vivo skin tissue Raman spectra, PLS-DA multi-class models for 
the entire Raman spectral datasets (i.e. finger, palm and forearm) were generated. From 
Figure 4.4, it can be seen that the spectra belonging to different pressure levels are 
clustered together; indicating that the classification algorithm could not efficiently 
discriminate the spectra belonging to the different pressure levels. This may be because 
the entire Raman spectra was used for classification and not individual Raman peaks (i.e. 
individual Raman peaks showed non-uniform site-specific spectral variation. For e.g. At 
1402 cm-1, Raman spectral intensity increased for HP but at 1661 cm-1, Raman spectral 
intensity decreased for HP).  
However, the generated PLS-DA models could accurately classify 55.09%, 
45.73% and 51.23% of fingertip, palm and volar forearm, respectively, measured at LP 
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resembling the natural skin molecular content from MP+HP. The fingertip, palm and 
volar forearm spectra obtained at HP could be separated from LP + MP with classification 
rate of 75.78%, 57.32% and 5.81%, respectively. The classification results (i.e. ~45-55 % 
discrimination for LP vs. MP + HP) demonstrate that the MP (~50kPa) that is proximate 
to the clinically extreme pressure (>55 kPa) and HP (~130 kPa) induce subtle variations 
in the skin Raman spectroscopic properties (i.e. especially for fingertip and palm but not 
forearm). We also obtained similar trend with applied probe pressure for the Raman 
spectra acquired from fingertip, palm and forearm under LP, MP and HP using the 
volume probe (probing depth of ~800 um)20 (unpublished data).  
The subtle pressure induced Raman spectral distortions might affect the 
diagnostic efficacy of Raman spectroscopy as it is extremely sensitive to slight changes in 
tissue biochemical composition. However, these effects become negligible if probe 
pressure is maintained below clinically extreme pressure level. Therefore Raman 
spectroscopy without pressure measurement can be performed for the measured skin sites 
(i.e. fingertip, volar forearm and palm) as long as probe pressure is maintained below 
clinically extreme pressure. However, it is still unclear if there will be any major pressure 
induced variations in Raman spectra in internal organs during endoscopy, laparoscopy 
etc. and therefore; more studies are required to prove that probe pressure does not affect 
Raman spectral measurements. Pressure sensitive in vivo Raman spectroscopy for other 






In conclusion, for the first time, we quantitatively monitored in real-time (<1 sec) 
the exact probe pressure applied on to the skin tissue during in vivo Raman spectroscopic 
measurements. The results showed that the probe handling variations (i.e., probe pressure 
variability) caused trivial changes to the tissue Raman spectra at high pressures (i.e. MP 
or HP).  However, these trivial changes can be eliminated if probe pressure is maintained 
at LP. As the probe pressure is arduous to control especially during clinical endoscopy 
procedures, pressure sensitive Raman spectroscopy that incorporates real-time, 
quantitative, monitoring of probe-tissue contact pressure can be used to control the 















Chapter 5. Real-time, quantitative evaluation of dynamic 
probe-tissue contact pressure effects on in vivo skin diffuse 
reflectance spectroscopy 
In this study, we aim to characterize the effects of dynamic probe pressure induced 
variations in the acquired reflectance spectra during in vivo skin tissue diffuse reflectance 
(DR) spectroscopy. The exerted probe-tissue contact pressure is controlled by utilizing a 
custom-designed pressure sensitive fiber-optic probe that can be used to quantitatively 
monitor the applied probe pressure. The DR spectral response was studied at three 
different sites of the human hand (fingertip, volar forearm and palm) over three reference 
pressure levels (i.e., low pressure (LP - 10 kPa), medium pressure (MP - 50 kPa) and high 
pressure (HP - 130 kPa)). The diffuse reflectance signal intensity significantly decreased 
with progressive increase in the magnitude of applied probe pressure due to the probe 
pressure induced alterations in concentrations of major chromophores like hemoglobin, 
water, fats and lipids. Multiclass partial least squares-discriminant analysis (PLS-DA) 
models were used to differentiate spectra acquired at different pressure levels and yielded 
accuracies of 82.11% (fingertip), 82.40% (volar forearm) and 76.01% (palm) for 
differentiating spectra measured at low pressure LP vs. MP and HP; suggesting that the 
applied probe pressure affects the DR spectra significantly. Additionally, the differences 
in melanin concentration at the different measurement sites (i.e. fingertip, volar forearm 
and palm) also play an important role in contributing to the extent of variation of the 
reflectance signal at different probe pressures (i.e. MP spectra affects volar forearm more 
when compared to fingertip and forearm). This study demonstrates the need for real-time 
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quantitative probe-tissue contact pressure monitoring in order to mitigate the probe 
pressure induced spectral variations during in vivo DR spectroscopy.  
5.1.1 Introduction 
Fiber based Diffuse Reflectance (DR) spectroscopy is a rapid, non-invasive 
spectroscopy technique that has been used in various biomedical applications like 
characterization of tissue biochemical content, studying the optical properties of 
biological tissues as well as disease diagnosis in a number of organs10, 11, 36, 106, 123, 132, 133  
The diagnostic capability of DR spectroscopy is predominantly due to its excellent 
sensitivity to reflect changes in biochemical concentration in target tissues. Fiber-based 
DR spectroscopy makes use of a fiber-optic probe that is in contact with the target tissue 
to reduce interferences due to refractive index mismatch, specular reflection, increases 
light penetration and transmittance and avoids inconsistent illumination-detection 
geometry during spectral acquisition which results in the enhancement of the diagnostic 
capability of the system.29, 35, 36 The applied probe tissue contact pressure is a complex,  
operator dependent variable that can cause alterations in the optical properties of 
underlying tissue (refer chapter 3.1.1 introduction).31, 32 Hence, it is necessary to control 
the applied probe pressure carefully to minimize the pressure induced spectral variation. 
Improper control of exerted probe pressure may lead to potential concerns such as 
changes in tissue spectral profiles, disparities in data collection and calibration and 
potential inaccuracies in diagnosis.32-34 Therefore, it is highly imperative to accomplish 
dynamic real-time probe pressure control and quantitatively monitor the probe-tissue 
contact pressure to mitigate the pressure induced spectral variability. 
 A number of studies have been carried out to analyze the confounding effect of 
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the applied probe pressure on DR spectroscopy.29, 32, 35-37, 82 Existing studies have shown 
that the variation of DR is tissue site specific and that short-term (< 2s), low probe 
pressures (<9 kPa) have negligible effect on skin tissue DR signal32, 37. However, the 
aforementioned studies have been limited to static pressure measurements utilizing a pre-
calibrated spring loaded device, or making use of the extent of tissue compression (in 
mm) as a criterion for applying a particular pressure or operator-dependent arbitrary 
probe pressures. The dynamic changes in applied probe pressure that occur due to 
differences in deformability of various measurement sites on skin tissue, inter-subject 
variations in the extent of tissue compression and orientation of the probe are important 
sources of variation in the exerted probe pressure that have not been analyzed 
sufficiently. The limited reports in existing literature about dynamic probe pressure 
effects on DR assert that the variations in probe pressure are a viable source of 
information for soft tissue classification (i.e. skin above muscle, skin above veins and 
skin above bone).31, 56 Hence, in this study, we highlight the significance of real-time, 
quantitative monitoring of dynamic changes in the applied probe pressure and providing 
dynamic real-time probe pressure control during spectral measurements. We successfully 
utilized the custom-designed pressure sensitive fiber-optic probe [ref] to quantitatively 
monitor the dynamic pressure induced variations in real-time on in vivo human skin DR 
spectroscopy. Three measurement sites (i.e., fingertip, volar forearm and palm) on the 
skin tissue were chosen specifically because skin tissue acts as a highly scattering 
medium in visible to near-infrared region, representing one of the most challenging 
organs with complex and inhomogeneous morphological structures. Multivariate 
statistical models (PLS-DA) were used for in-depth analysis of the spectral information 
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acquired at various pressure levels.   
5.1.2 Material and Methods 
5.1.2.1 Pressure sensitive DR spectroscopy platform 
Figure 5.1 shows the schematic diagram of the pressure sensitive in vivo tissue 
diffuse reflectance (DR) spectroscopy platform developed for real-time, quantitative 
probe-tissue contact pressure measurement.  
 
Figure 5.1 Schematic of the pressure sensitive fiber-optic diffuse reflectance (DR) spectroscopy 
system 
 
The basic setup of the pressure sensitive spectroscopy system is explained in 
detail elsewhere (refer chapter 3.1.2.1 pressure sensitive UV/visible AF spectroscopy 
platform). The pressure sensitive DR spectroscopy system utilizes a tungsten halogen 
lamp (LS1LL, Ocean Optics Inc., Dunedin, FL, USA) and a transmissive imaging 
spectrograph (QE65000, Ocean Optics Inc., Dunedin, FL, USA) equipped with a back-
thinned charge-coupled device (CCD) detector (S7031-1006, 1024X58with pixel sizes of 
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24.6mm, QE > 90%, Hamamatsu, Shizuoka, Japan) that replaces the laser, filters and the 
spectrograph used in the pressure sensitive AF spectroscopy system. The DR spectra 
were acquired within the spectral bandwidth 375-1150 nm with an integration time of 10 
ms and tungsten light incident power of 0.1mW on tissue surface. DR spectra 
measurements were carried out on the skin surface of ten healthy volunteers at three 
different measurement sites (the index fingertip, volar forearm and palm skin on abductor 
pollicis muscle). Desirable probe pressures (i.e., low pressure (LP) -10 kPa, moderate 
pressure (MP) – 50 kPa and high pressure (HP) – 130 kPa) were applied upon in vivo 
target tissue site by mounting the sensor coupled probe on a translation stage and 
controlling its movement appropriately (refer chapter 3). The probe pressure was 
instantaneously displayed in the real-time diagnostic software,38 guiding the operator to 
acquire spectra at required  pressure levels. High-quality in vivo tissue DR spectra were 
subsequently measured from fingertip (n=145), volar forearm (n=130) and palm (n=145) 
at the aforementioned three reference pressures. Multiple spectra (~4-5) were obtained 
from each site for all the three pressure levels to include inter- and/or intra-tissue 
variability for data analysis.  
5.1.2.2 Multivariate statistical analysis 
 Multi-class probabilistic PLS-DA modeling was performed to realize in vivo 
discrimination among skin tissue spectra acquired at different pressure levels (refer 
chapter 3.1.2.4 multivariate statistical analysis).  
5.1.3 Results 
The custom designed pressure sensitive fiber optic probe was used to acquire high 
quality in vivo DR spectra in the spectral range 375-1150 nm from three measurement 
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sites on the human hand (fingertip, volar forearm and palm). Figure 5.2 shows the in vivo 
mean skin DR spectra ±1 standard deviation (SD) of index fingertip (n=145), volar 
forearm (n=130) and palm (n=145) acquired from 10 healthy volunteers at three defined 
reference pressure levels [10 kPa (LP), 50 kPa (MP) and 130 kPa (HP)]. The reference 
pressure levels were chosen such that it included clinically relevant probe pressures (LP 
and MP) as well as an extreme, intense high pressure level (HP) to study the pressure 
induced spectral distortions over a wide pressure range (0-150 kPa). 
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Figure 5.2 The mean in vivo diffuse reflectance (DR) spectra  1 standard deviation (SD) acquired 
from (a) fingertip (n=145) (b) volar forearm (n=130) and (c) palm (n=145) of 10 healthy volunteers at 
LP (10 kPa), MP (50 kPa) and HP (130 kPa). (LP, low pressure; MP, medium pressure; HP, high 




The acquired DR spectra contained distinct characteristic minima (eg. 420 nm 
(Soret Band), 540, 578, 750, 815, 920, 980, 1090 nm) that correspond to major 
endogenous chromophores like hemoglobin, fats, lipids, water and melanin, in agreement 
with existing literature.31, 32, 37 However, the DR spectra exhibited an overall decreasing 
trend with the increase of applied probe pressure. Also, the dual peak of oxy-hemoglobin 
(540 and 578 nm) decreases in its height with applied probe pressure, indicating a gradual 
transition from oxy-hemoglobin to deoxy-hemoglobin. Moreover, the excitation peaks of 
porphyrins (400 nm), flavins (460 nm), lipo-pigments (435 nm) and melanin (1090 nm) 
also overlap with the peaks in the acquired DR spectra.64, 123 These results confirm that 
the observed variation in DR signal may be primarily due to pressure induced changes in 
the concentration of blood (i.e., oxy/deoxy-hemoglobin - λab~540, 560, 578 nm, fat - 
λab~750, 815, 900 nm, lipids -  λab~920 nm and water - λab~980 nm) with minor 
contributions from other endogenous chromophores.87, 109, 110 Moreover, the fingertip, 
volar forearm and palm DR spectra measured under MP and HP exhibited considerably 
higher spectral variance compared to LP, signifying that LP applied against the tissue 
causes trivial changes in tissue optical properties, in agreement with the reported 
literatures.32, 109 Moreover, The reflectance signals showed a uniform, average spectral 
variation of ~ 10% at each pressure level for the entire spectral range. Additionally, 
significant p-values (p<0.05; one-way ANOVA with Bonferroni correction at 5%) were 
obtained for certain wavelengths (i.e. 420, 540, 578, 980 nm).  
The DR spectra were further analyzed using multivariate statistical algorithms for 
in-depth understanding of pressure induced DR spectral distortions and to differentiate 
DR spectra acquired at different pressure levels. PLS-DA together with leave-one patient-
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out, cross validation, was employed for classification of the DR spectra based on the 
applied probe pressure during spectral data acquisition. Outlier analysis based on PCA 
coupled with Hotelling’s T2 and Q-residual statistics was further utilized to remove the 
spectra with unusual variations (e.g., light interference).38 After verification of the 
spectral quality, the leave-one patient-out, cross-validated PLS-DA multi-class diagnostic 
modeling was performed on the  fingertip, volar forearm and palm DR datasets using 
optimum number of components, estimated based on the local minimum of cross-
validation classification error values. The optimal number of components differed for 
each measurement site and was found to be 1 (fingertip), 4 (volar forearm) and 1 (palm) 
as shown in Figure 5.3. 


















Figure 5.3 The number of latent variables (LVs) against cross-validation error for identifying ideal 
number of LVs to be utilized for classifying spectra measured at different probe-tissue contact 




  The principal components accounted for 92.95% (fingertip), 99.32% (volar 
forearm) and 91.27% (palm) of total DR spectral variations for differentiating pressure 
induced changes in the measured skin tissue DR spectra. The loading vectors (see Figure 
5.4) clearly show spectral changes that occur at prominent wavelengths located around  
420, 540,  578, 750, 815, 920, 980 and 1090 nm of the acquired reflectance signal which 
are associated with blood (oxy/deoxy-hemoglobin), water, fats and lipid absorption 
spectra. 
The posterior probability values were further calculated for each dataset, using the 
developed PLS-DA multi-class models and are shown as a 2-D ternary scatter plot 
(Figure 5.5). The generated models for fingertip, volar forearm and palm dataset classify 
the DR spectra measured under LP from MP + HP with accuracies of 82.11%, 82.40% 
and 76.01%; the spectra acquired at MP from LP + HP with accuracies of 49.48%, 
64.90% and 52.00%; the spectra obtained at HP from LP + MP with accuracies of 
76.39%, 81.95%  and 67.34%, respectively. 
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Figure 5.4 The diagnostically significant LVs calculated from the diffuse reflectance (DR) spectra of 
(a) fingertip (b) volar forearm  and (c) palm measured at three different probe pressure levels (LP ~10 
kPa, MP ~50 kPa and HP ~130 kPa) 
 
The above results show that there is a distinct separation between LP and HP 
spectra at the three measurement sites. However, the variation in the accuracy for the 
differentiation of MP spectra among the measurement sites show the site-specific nature 
of the pressure induced spectral distortions.31, 32, 105 Thus, it is highly imperative to 
monitor the applied probe pressure in real-time to reduce the pressure induced distortions 
to a great extent. 
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Posterior Probability belonging to LP
 
Figure 5.5 Two-dimensional ternary plot of the posterior probabilities belonging to low pressure (LP), 
medium pressure (MP), and high pressure (HP) categories calculated from the PLS-DA models 
together with leave-one patient-out, cross validation, generated from in vivo diffuse reflectance (DR) 
spectra of (a) fingertip  (b) volar forearm and (c) palm 
 
5.1.4 Discussion 
 The diagnostic capability of diffuse reflectance spectroscopy has been analyzed in 
detail by various studies.10, 11, 36, 133 DR spectroscopy makes use of a fiber-based probe 
that is impressed upon the target tissue site during spectral data acquisition. The probe-
tissue contact state is very essential to minimize refractive index mismatch and specular 
reflection which consequently results in less spectral distortions when compared to non-
contact measurements.30, 35, 36However, it has been reported that the probe-tissue contact 
pressure is a confounding operator dependent variable that may distort the optical 
properties of underlying tissue.29, 86 The variation in the applied probe pressure by 
different operators has been investigated in detail by many studies which have shown that 
this variation is considerably large to cause alterations in the acquired spectra and thereby 
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affect the diagnostic efficacy of DR spectroscopy.84, 85, 87 These pressure induced spectral 
distortions can be greatly reduced if measurements are carried out at constant pressure 
levels. In order to achieve this, it is necessary to develop a system to monitor the applied 
probe pressure in real-time that will take into account the dynamic pressure changes that 
come into play when spectral data is acquired from deformable, soft tissue target sites.  
In this study, we report the successful utilization of novel pressure sensitive fiber-
optic probe [ref] for real-time quantitative monitoring of the magnitude of exerted probe-
tissue contact pressure during in vivo skin tissue DR spectroscopy. This is necessary 
because the precise control of applied probe pressure is arduous in clinical scenario, 
particularly during endoscopic procedures to access remote internal organs and   
diagnostic information can be diluted significantly if the applied probe pressure is not 
monitored properly. Furthermore, skin tissue blanches when pressure is applied,32 
creating a challenging experimental scenario to test the developed novel pressure 
sensitive spectroscopy platform. The acquired high-quality in vivo skin tissue DR spectra 
(n=420) from index fingertip (n=145), volar forearm (n=130) and palm (n=145) at LP 
(~10 kPa), MP (~50 kPa) and HP (~130 kPa) with an integration time of 10 ms exhibited 
notably decreased intensity with progressive increase in applied pressure. The pressure 
induced variation in the reflectance signal can be observed throughout the entire spectral 
range from 375 to 1150 nm. The characteristic minima associated with oxy/deoxy-
haemoglobin (420, 540, 560, 578 nm), fats (750, 815, 900 nm), lipids (920 nm), water 
(980 nm) and melanin (1090 nm) can be distinctly observed at each reference pressure 
level.31, 123, 134, 135 The decrease in the reflectance intensity with applied high probe 
pressure may be primarily due to increased concentration of endogenous chromophores 
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(e.g., haemoglobin, water, fats and lipids) in the skin.31 The rise in hemoglobin 
concentration with pressure is mainly due to the occlusion of blood flow under the probe 
tip, in agreement with the reported literatures.106, 136 The higher concentrations of water, 
lipids and other endogenous chromophores with the magnitude of exerted probe pressure 
is associated with the compression of the tissue.31, 32 The gradual transition of oxy-
hemoglobin (540 and 570 nm) to deoxy-hemoglobin with the applied probe pressure is 
evident from the variation in the peak height of the characteristic oxy-hemoglobin 
absorption peaks. The excitation peaks of other chromophores like flavins (460 nm), 
porphyrins (400 nm), and lipo-pigments (435 nm) also correspond with those in the 
reflectance spectra and may also contribute to the pressure induced distortions in the 
reflectance signal.64 Significant p-values (p<0.05; one-way ANOVA with Bonferroni 
correction at 5%) at different pressure levels for major chromophores like hemoglobin 
(540 and 578 nm), lipids (420 nm) and water (980 nm) further substantiate the pressure 
induced variations in the DR spectra.       
To further analyze the spectral variations in the DR signal; multiclass PLS-DA modeling 
was performed on the finger, volar forearm and palm datasets. The number of principal 
components to be included in the model was chosen based on the minimum classification 
error (Figure 5.3). The corresponding loading vectors (Figure 5.4) contain the important 
features of the major chromophores (hemoglobin, fats, lipids and water) and they prove 
that the spectral variations are primarily caused by the pressure induced modifications in 
the concentrations of these chromophores. PLS-DA models shown in Figure 5.5 were 
developed to differentiate DR spectral distortions introduced by the variation in the 
applied probe-tissue contact pressure. It can be seen that there is a very good separation 
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between spectra acquired at LP vs. MP and HP; with accuracies of 82.11%, 82.40% and 
76.01% for fingertip, volar forearm and palm respectively; indicating that high probe 
pressure has a profound effect on the reflectance spectra (i.e. The separation between LP 
and HP spectra can be clearly observed in Figure 5.5). On the other hand, the yielded 
accuracies for differentiating MP spectra were 49.48 % (fingertip), 64.90 % (volar 
forearm) and 52.00 % (palm). The improved differentiation of MP spectra at the forearm  
can be attributed to the  higher concentration of melanin in the volar forearm compared to 
fingertip and palm.32 Therefore, the concentration of melanin in the target tissue site 
affects the reflectance signal significantly; proving that the pressure induced distortions in 
reflectance spectra is significant and tissue site specific; in agreement with reported 
results.31, 32     
Thus the developed pressure sensitive spectroscopy platform enables quantitative 
assessment of probe-tissue contact pressure in real-time during in vivo spectroscopy 
measurements and can be used to mitigate the probe pressure induced spectral variability 
in reflectance spectroscopy. The real-time pressure sensitive fiber-optic probe further 
automates probe handling training (e.g., ensuring proper probe-tissue contact, 
maintaining constant LP during spectral acquisition) for operators during spectral data 
acquisition.  
5.1.5 Conclusion 
Thus the utilization of the pressure sensitive spectroscopy platform enables 
quantitative assessment of probe-tissue contact pressure in real-time during in vivo 
diffuse reflectance spectroscopy. The results show that probe pressure induced variability 
in DR spectra is significant; substantiating the need for real-time quantitative monitoring 
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of applied probe pressure in order to mitigate the distortions introduced in the reflectance 
signal due to probe pressure variability.  We hope that by characterizing the probe 
pressure induced DR spectral distortions, the diagnostic efficacy of DR spectroscopy can 





















Chapter 6. Summary and Future directions 
6.1 Summary 
The major aim of this dissertation was the development of pressure sensitive 
fiber-optic probe for real-time quantitative monitoring of probe tissue contact pressure on 
in vivo optical spectroscopy techniques. Real-time monitoring of applied probe pressure 
would enable the mitigation of the operator-dependent confounding effect of probe 
pressure induced distortions introduced in the acquired spectral data by providing 
instantaneous feedback about the exerted probe pressure to operators during spectral data 
acquisition. 
The developed pressure sensitive spectroscopy platform; which was first tested on 
in vivo UV/visible AF spectroscopy validated the significance of the probe-tissue contact 
pressure on in vivo UV/visible AF spectroscopy. The results showed that the applied 
probe pressure had a profound site-specific effect on the acquired UV/visible AF spectral 
data. It also emphasized the need for real-time monitoring of applied probe pressure to 
minimize the spectral distortions introduced in the UV/visible AF spectral profiles. 
 The developed pressure sensitive spectroscopic platform was then utilized to 
characterize the probe pressure induced variations on in vivo NIR AF and Raman 
spectroscopy which showed that subtle variations in the NIR AF and Raman spectra were 
introduced at increased probe pressures; indicating the inevitability of real-time 
monitoring of probe-tissue contact pressure during NIR AF and Raman spectroscopic 
procedures.  
Finally, the detailed study that was carried out using the developed pressure 
sensitive fiber-optic spectroscopic platform to evaluate the effects of applied probe 
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pressure on in vivo DR spectroscopy. It proved that probe pressure is an important 
parameter that warrants careful monitoring during DR spectral data acquisition. The 
diffuse reflectance spectra showed a significant site-specific decrease in intensity with 
applied probe pressure; further demonstrating the need to monitor the probe tissue contact 
pressure. 
 The results that were obtained in this dissertation show that probe pressure is a 
vital operator-dependent variable that can affect the spectral data significantly. Hence, it 
is important to make the spectral measurements operator independent in order to improve 
the diagnostic efficacy of the conventional optical spectroscopy techniques. This can be 
achieved by the real-time monitoring of the applied probe-tissue contact pressure that can 
provide assistance to different operators while spectroscopic measurements are being 
carried out. 
6.2 Future directions 
The developed pressure sensitive spectroscopic platform has great potential to be 
put to clinical use in the future. The real-time pressure sensitive capability of the probes 
also serves as an in-built system feature that can provide automatic probe-handling advice 
to operators during spectral data acquisition. 
With the recent advances in pressure sensing technology and proper 
miniaturization of the integrated pressure sensor coupled probes, the pressure sensitive 
spectroscopic platform can be employed in many future applications. Some of the 




i. Integration of pressure sensitive probe with endoscope for diagnosis of 
gastro-intestinal cancer:  
Raman spectroscopy has been used recently in clinical trials for the diagnosis of 
gastro-intestinal (GI) cancer.22, 28, 86, 102 For this purpose, the Raman probes are 
integrated with the endoscope to access the remote internal organs in the GI tract. 
However, the quality of the acquired spectra is operator-dependent and it has been 
hypothesized that the applied probe pressure plays an important role in the 
spectral variability of acquired spectra. Further miniaturization of the sensor 
coupled probe (< 2mm) is required to integrate the pressure sensitive probe with 
the endoscopes.      
ii. Integration with keyhole surgery equipment (i.e laparoscope) for assistance 
during tumor removal:  
The recent advances in Raman spectroscopy for disease diagnosis137-139 have 
shown its huge potential in assisting surgeons during the removal of malignant 
tumors. The non-invasiveness and high sensitivity to detect abnormal tissues can 
be of vital importance in guiding surgeons during surgery for tumor removal. 
Pressure sensitive probes if utilized have the potential to further improve the 
diagnostic prediction capability of Raman probes.     
iii. Other potential applications:  
The developed pressure sensitive probe has the potential to be used for studying 
the influence of blood signal on tissue optical properties in vivo, characterization 
of various chromphores in tissues and real-time monitoring of contact state on 
other fiber based spectroscopic applications.  
108 
 
However, many challenges have to be addressed before its utilization in the 
aforementioned applications. With the recent advancements in the spectroscopy probe 
design and sophisticated sensor technologies; these challenges can be overcome in the 
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